Geology, petrology and geochemical characteristics of alteration zones within the Seridune prospect, Kerman, Iran by Barzegar, Hassan
 
 
 
Geology, petrology and geochemical characteristics of alteration 
zones within the Seridune prospect, Kerman, Iran 
 
 
 
 
Von der Fakultät für Georessourcen und Materialtechnik 
 der Rheinisch-Westfälischen Technischen Hochschule Aachen  
 
 
zur Erlangung des akademischen Grades eines  
 
 
 
Doktors der Naturwissenschaften  
 
 
 
genehmigte Dissertation 
vorgelegt von M.Sc. 
 
 
 
 
 
   Hassan Barzegar 
 
aus Shiraz, Iran 
 
 
 
Berichter: Univ.-Prof. Dr.rer.nat. Franz Michael Meyer 
Univ.-Prof. Dr.rer.nat. Ulrich Kramm 
 
 
 
Tag der mündlichen Prüfung: 27. August 2007 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For Melika and Mojan  
 
 
 
 
 
 
 
 
 
 
 
 
 
FOREWORD 
This research project was fully facilitated by the Institute of Mineralogy and Economic Geology, 
Rheinisch Westfälischen Technischen Hochschule (RWTH) Aachen University and supported by 
the Research Department of National Iranian Copper Industries Company (NICICO). The 
Institute of Mineralogy and Economic Geology, RWTH Aachen University sponsored sample 
preparations and geochemical analyses.  
First, I would like to thank my supervisor, Prof. Dr. F. Michael Meyer, Head of the Department 
of Mineralogy and Economic Geology, RWTH Aachen University, for his worthy support, 
guidance, continued interest, encouragement during this work, and for many hours of his time 
spent in discussions; Dr. Jochen Kolb who gave me guidance and encouragement through each 
stage of the work, for his interest, time spent in discussions and proof-reading this thesis; Annika 
Dziggel, Ph.D for her assistance and discussion and Dr. Sven Sindern for his support and 
assistance in XRF analyses. This thesis is also benefited by the suggestions and guidance of Prof. 
Dr. Ulrich Kramm and Prof. Dr. Helge Stanjek. Their interests are highly appreciated.  
My sincere thanks go to manager of Exploration Office, Dr. Karimi and head of Research 
Department, Mr. Salajegheh, both have given me permission to do investigations at the Seridune 
prospect. Mr. Kargar (former manager of Research Department) and his senior staff, Mr. 
Atashpanjeh are thanked for organizing my visits to the area, assistance and kind hospitality. My 
genuine gratitude goes to Mr. Esfahanipour (chief geologist of Exploration office), who gave me 
support, permission to access reports of the area and his assistants during the project. I am also 
indebted to Mrs. Ghayouri (senior staff of Exploration office), Mr. Babaei (manager of mine 
geology) and Mr. Taghizadeh (exploration geologist), for their guidance and discussions during 
the fieldworks. Special thanks are addressed to all former crew in the Research Department, 
particularly former manager, Mrs. Partoazar and senior staff, Mrs. Zeidabady. 
My thanks are extended to Prof. Dr. Lentz (Department of Geology, University of Utah, USA), 
who sent me his papers related to porphyry copper deposit and breccia zones. I also appreciated 
Prof. Dr. Hansgeorg Förster (Department of Mineralogy and Economic Geology, RWTH Aachen 
University) who permits me to access to his reports, papers and maps related to metallogeny in 
Iran.  
I also wish to express my honest gratitude for the technical support at the Department of Institute 
of Mineralogy and Economic Geology: Martin Brand (Electronic/Computer Technician); 
Thomas Derichs (Thin and Polished Section Laboratory); Rudolf Neef (Geochemical 
Laboratory); Getrud Siebel (X-Ray Diffraction Laboratory); Monika Wiechert (Photography 
Laboratory); Dr. Annemarie Wiechowski and Roman Klinghardt (Electron Micro Probe 
Analysis); Gudrun Günther, M.A. (Library) and Hildegard Breuers (Secretarial Office). 
I will never forget the tremendous support, discussion and friendship of all my colleagues in the 
Institute of Mineralogy and Economic Geology; my 413-room buddies Dr. Amanda, Dr. Arif, 
and Greg; as well as, Seongje, Alex, Christian, Katharina, Markus, Fotios, Maria, Dr. Thomas, 
Dr. Jens and other institute members. I would like to thank them for all and everything. 
Last but not least, my sincere thanks and appreciation go to my wife for her patience during this 
work. This study would never have been completed without her love and encouragement. 
 
 
ICONTENTS 
 
FIGURES VI 
TABLES           XI 
ZUSAMMENFASSUNG         XIII 
ABSTRACT           XVI 
 
1. INTRODUCTION          1 
1.1 Porphyry copper deposits in Iran       1 
1.2 Seridune prospect         1 
1.2.1 Location and access         1 
1.2.2 Previous works         1 
1.3 Objectives          3 
1.4 Work accomplished and methods       4 
1.4.1 Fieldwork and mapping 4 
1.4.2 Laboratory works         4 
1.5 Porphyry copper deposit        5 
1.5.1 Definition, grades and tonnages       5 
1.5.2 Geotectonic framework        6 
1.5.3 Lithological associations        7 
1.5.3.1 Wall rocks          7 
1.5.3.2 Intrusive rocks         7 
1.5.4 Hydrothermal alteration and mineralization      8 
1.5.5 Age relationship         9 
 
2. REGIONAL GEOLOGY         10 
2.1 Structural and general geology of Iran       10 
2.2 Geology of the magmatic arc (Urumieh-Dokhtar belt) in central Iran   10 
2.3 Metallogenic implications of the magmatic arc      11 
2.4 Geology of the Seridune region        12 
2.5 Geology of the Sarcheshmeh copper deposit      13 
 
3. GEOLOGY OF THE SERIDUNE PROSPECT      15 
3.1 Lithology          15 
3.1.1 Eocene volcanic complex        15 
3.1.2 Plutonic complex         16 
3.1.3 Pliocene volcanic complex        18 
3.1.4 Cover          18 
3.2 Quartz stockwork         18 
3.3 Breccia dike          18 
II
4. PETROLOGY AND GEOCHEMISTRY       20 
4.1 Eocene volcanic complex        20 
4.1.1 Petrography         20 
4.1.2 Mineral chemistry         20 
4.1.3 Whole-rock geochemistry        21 
4.2 Plutonic complex         22 
4.2.1 Petrography         23 
4.2.2 Mineral chemistry         24 
4.2.3 Whole-rock geochemistry        25 
4.3 Pliocene volcanic complex        28 
4.3.1 Petrography         28 
4.3.2 Whole-rock geochemistry        28 
4.4 Summary          29 
 
5. STRUCTURAL GEOLOGY        31 
5.1 Major structural elements        31 
5.1.1 Fracture density         31 
5.1.2 Fracture distribution and orientations      33 
5.1.3 Quartz veins and veinlets        34 
5.2 Summary          35 
 
6. ALTERATION MINERALOGY AND ZONATION     36 
6.1 Introduction          36 
6.2 Early hydrothermal alteration        38 
6.2.1 Granodiorite porphyry        38 
6.2.1.1 Chlorite-epidote (propylitic) alteration      38 
6.2.1.1.1 Petrography         38 
6.2.1.1.2 Mineral chemistry        39 
6.2.1.1.3 Whole-rock geochemistry       40 
6.2.2 Volcanic andesite         40 
6.2.2.1 Chlorite-epidote (propylitic) alteration      40 
6.2.2.1.1 Petrography         41 
6.2.2.1.2 Whole-rock geochemistry       41 
6.3 Transitional hydrothermal alteration       41 
6.3.1 Granodiorite porphyry        42 
6.3.1.1 Quartz-sericite (phyllic) alteration       42 
6.3.1.1.1 Petrography         42 
6.3.1.1.2 Mineral chemistry        43 
III
6.3.1.1.3 Whole-rock geochemistry       44 
6.3.1.2 Quartz-clay (argillic) alteration       45 
6.3.1.2.1 Petrography         45 
6.3.1.2.2 Mineral chemistry        46 
6.3.1.2.3 Whole-rock geochemistry       46 
6.4 Late hydrothermal alteration        47 
6.4.1 Granodiorite porphyry        47 
6.4.1.1 Quartz-alunite-pyrophyllite (advanced argillic) alteration    47 
6.4.1.1.1 Petrography         48 
6.4.1.1.2 Mineral chemistry        48 
6.4.1.1.3 Whole-rock geochemistry       48 
6.4.1.2  Quartz±pyrophyllite (silicic) alteration      49 
6.4.1.2.1 Petrography         49 
6.4.1.2.2 Whole-rock geochemistry       50 
6.5 Supergene alteration          51 
6.6 Metal zoning patterns         51 
6.7 Summary          53 
 
7. MASS BALANCE CACULATIONS       57 
7.1 Methodology          57 
7.2 Immobile elements         57 
7.3 Isocon diagram          57 
7.4 Mass balance calculation        59 
7.4.1 Chlorite-epidote (propylitic) alteration      59 
7.4.2 Quartz-sericite (phyllic) alteration       61 
7.4.3 Quartz-clay (argillic) alteration       61 
7.4.4 Quartz-alunite-pyrophyllite (advanced argillic) alteration    64 
7.5 Summary          64 
 
8. GEOTHERMOBAROMETRY        66 
8.1 Amphibole-plagioclase thermometer       66 
8.2 Al-in-hornblende barometer        67 
8.3 Biotite barometer         69 
8.4 Summary          70 
 
9. FLUID INCLUSIONS         71 
9.1 Introduction          71 
9.2 Petrography of fluid inclusions        71 
IV
9.3 Microthermometry         72 
9.3.1 Transitional Quartz-sericite (phyllic) alteration     72 
9.3.2 Late quartz-pyrophyllite-alunite (advanced argillic) alteration   73 
9.4 Interpretation          74 
9.4.1 Temperature and salinity        74 
9.4.2 Fluid density         75 
9.4.3 Pressure-depth estimates        76 
9.5 Summary          77 
 
10. DISCUSSION AND CONCLUSIONS       78 
10.1 Tectono-magmatic affinity of the granodiorite intrusion     78 
10.2 Emplacement condition of the granodiorite intrusion     80 
10.2.1 P-T condition and depth of emplacement      80 
10.2.2 Crustal contamination        80 
10.3 Seridune intrusions         82 
10.4 Seridune hydrothermal alteration and mineralization     85 
10.4.1 Early hydrothermal alteration       85 
10.4.2 Transitional hydrothermal alteration       88 
10.4.3 Late hydrothermal alteration       90 
10.5 Supergene leached capping        92 
10.6 Chemical discriminations between hydrothermal alteration zones    94 
10.6.1 Major elements         94 
10.6.2 Trace elements         96 
10.6.3 Rare earth elements         96 
10.7 Compositional variation of hydrothermal sericite: Implications for physicochemical  
condition of fluid involved         97 
10.7.1 Hydrothermal sericite        97 
10.8 Comparison of the Seridune prospect with the Sarcheshmeh Cu deposit   98 
10.8.1 Mineral chemistry         101 
10.8.2 Trace elements         103 
10.8.3 Rare earth elements         103 
10.8.4 Productivity         103 
10.9 Genetic model for development of the Seridune prospect     105 
10.10 Exploration Model         109 
10.11 Recommendations for Future Studies       111 
 
11. REFRENCES          113 
 
V12. APPENDICES          129 
12.1 Abbreviations          129 
12.1.1 Minerals abbreviations         129 
12.1.2 Lithological terminology        129 
12.2 Sample sections         129 
12.2.1 Thin sections          130 
12.2.2 Polished-thin sections        130 
12.2.3 Doubly polished-thin sections       131 
12.3 Sample location map         132 
12.4 Fracture density         133 
12.5 Electron microprobe analysis (EMPA)       133 
12.5.1 Silicate minerals from the Seridune prospect      136 
12.5.2 Sericite solid solution and related Activity-composition    147 
12.5.3 Oxide minerals         155 
12.5.4 Sulphide minerals         157 
12.5.5 Silicate minerals from Sarcheshmeh Cu deposit     160 
12.6 X-Ray Diffraction (XRD)        165 
12.7 Rock geochemistry         165 
12.7.1 X-Ray Fluorescence spectrometer (XRF)      165 
12.7.2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS)    166 
12.8 Fluid inclusions          178 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
VI
FIGURES 
 
Figure 1.1 Several major porphyry copper deposits developed within the Alpine orogenic belt between 
the Arabian and Eurasian plates, along a subduction zone from the northwest to southeast of Iran 
(modified after GSI Yu-53, 1973).        2 
 
Figure 1.2 The Seridune prospect, Kerman, Iran (looking southwest, March 2005).  3 
 
Figure 1.3 Diagram of copper grade vs. tonnage for the 25 largest porphyry copper deposits showing 
fields of high-grade, intermediate-grade and low-grade (Cooke et al., 2005).   6 
 
Figure1.4 Porphyry copper deposits in the context of plate tectonics (Sillitoe, 1998).  7 
 
Figure 1.5 The vertical cross section of concentric alteration and mineralization zones in a classical 
model of porphyry copper deposit (modified from the Lowell and Guilbert model, 1970).  8 
 
Figure 1.6 The largest porphyry copper deposits and their age (Cooke et al., 2005).  9 
 
Figure 2.1 The main structural units in Iran (modified after Förster, 1978). The voluminous NW-SE 
trending magmatic arc (Urumieh-Dokhtar belt) is separated mainly by linear back arc depressions.11 
 
Figure 2.2 Simplified structural map of central Iran (Stöcklin and Nabavi, 1973; Berberian, 1981b; 
Shahabpour, 2005).          12 
 
Figure 2.3 Simplified regional geologic map of the Seridune area showing the major volcanic and 
plutonic units. The black line marks the border of extensive argillic alteration zone in the region 
(modified after Bazin and Hübner, 1969).       13 
 
Figure 2.4 Distribution of rock types at 2400 m elevation at the Sarcheshmeh porphyry copper deposit 
(Waterman and Hamilton, 1975).        14 
 
Figure 3.1 Geological map of the Seridune prospect.      16 
 
Figure 3.2 Geologic cross section interpreted from the geologic map (Figure 3.1).  17 
 
Figure 3.3 Photographs of (A) A volcanic xenolith within the porphyritic intrusion developed mainly in 
the south of the Seridune prospect, and (B) Fine-grained, dark-gray Eocene volcanic rocks intruded by the 
porphyritic intrusion.          17 
 
Figure 3.4 Photograph of the quartz stockwork veins filled with Cu-carbonates corresponding to the 
leached capping zone at the Seridune prospect.       18 
 
Figure 3.5 Photograph of the breccia with round to slightly angular fragments and sandy matrix with 
iron-oxides.           19 
 
Figure 4.1 (A) Compositional variation of plagioclase phenocrysts from core to rim, and (B) 
Discrimination diagram for the amphibole phenocrysts in the andesite (classification of Hawthorne, 
1981).            21 
 
Figure 4.2 Discrimination diagrams: (A) The volcanic rocks mainly plot in the andesite field (Winchester 
and Floyd, 1977). (B) The volcanic rocks mainly plot in the low- to medium-K calc-alkaline fields (after 
Le Maitre et al., 1989; Rickwood, 1989). The variation of SiO2 concentration is due to the presence of 
quartz veinlets and the slightly altered matrix.       22 
 
VII
Figure 4.3 (A) Spider diagram for andesitic wall rocks normalized to N type MORB (Sun and 
McDonough, 1989). The samples show moderate values for LILE. (B) The REE concentrations 
normalized to chondrite (C1) indicates a gently inclined pattern (Sun and McDonough, 1989). 22 
 
Figure 4.4 Photomicrographs of the plutonic rocks: (A) The least altered porphyritic granodiorite shows 
medium- to coarse-grained plagioclase and mafic phenocrysts set in a microcrystalline groundmass. (B) 
The quartz monzonite with intergranular texture.       23 
 
Figure 4.5 Feldspar composition varies from andesine to oligoclase in the porphyritic granodiorite. 
Andesine is the typical feldspar composition in the intergranular quartz monzonite.  24 
 
Figure 4.6 Chemical composition of hornblende and biotite in the granodiorite: (A) Primary hornblende 
displays a magnesian composition (edenite; classification of Hawthorne, 1981). (B) Biotite is identified as 
phologopite (classification of Rieder, et al., 1998).      25 
 
Figure 4.7 Amphibole chemistry: (A) Backscatter image showing the traverse points that were analyzed, 
and (B) Compositional zoning of amphibole.       25 
 
Figure 4.8 The diagram of De La Roche et al., (1980) classifies the plutonic rocks into 
monzogranite-granodiorite and quartz monzonite, which are in accordance with the petrographic 
discrimination. The R1 and R2 calculated in millicationic proportions, where R1 = 4Si -11(Na + K) - 2(Fe 
+ Ti) and R2 = 6Ca + 2Mg + Al.         26 
 
Figure 4.9 (A) Discrimination diagram (after Le Maitre et al., 1989; Rickwood, 1989) classifying the 
plutonic rocks as medium- to high-K calc-alkaline. (B) The plutonic rocks correspond to felsic 
peraluminous intrusions (Maniar and Piccoli, 1989) on the basis of calculated molar values of A = Al2O3, 
C = CaO, N = Na2O and K = K2O.        27 
 
Figure 4.10 (A) N-Type MORB normalized spider diagram that shows the similar pattern for the 
granodiorite and the quartz monzonite. (B) The chondrite (C1) normalized REE patterns display a slight 
enrichment of MREE and HREE in the quartz monzonite relative to the granodiorite.  27 
 
Figure 4.11 Photomicrograph of the porphyritic dacite with fresh phenocrysts and feldspar fragments 
within a flow matrix.          28 
 
Figure 4.12 Discrimination diagrams for the volcanic rocks: (A) The rocks have a rhyodacite-dacite 
composition when plot in the SiO2 versus Zr/TiO2*0.0001 diagram (Winchester and Floyd, 1977). (B) 
The rocks plot in the high-K calc-alkaline field (after Le Maitre et al., 1989; Rickwood, 1989). 29 
 
Figure 5.1 Fracture density versus distance from the central phyllic alteration (quartz stockwork zone) 
towards the propylitic alteration zone.        32 
 
Figure 5.2 Major fracture domains at the Seridune prospect. Mean fracture strike (Rose diagrams) and 
dip-directions are determined through domains I, II and III.     33 
 
Figure5.3 (A) Photomicrograph of an “A” sinuous vein within the quartz-sericite alteration zone around 
the central part of the Seridune prospect, and (B) Schematic sketch of the “A” veins.  34 
 
Figure 5.4 (A) Photomicrograph of a banded quartz vein (“D”) within the matrix of fine-grained quartz, 
pyrophyllite and minor sericite, and (B) Schematic sketch of “D” veins.    35 
 
Figure 6.1 Hydrothermal alteration map of the Seridune copper prospect.   37 
 
Figure 6.2 Representative photomicrographs of the (chlorite-epidote) altered granodiorite porphyry: (A) 
Chlorite together with an aggregate of calcite, replacing hornblende. (B) Epidote replaces the core of the 
Ca-plagioclase mainly in the distal part of the altered zone.     39 
VIII
Figure 6.3 (A) Chlorite has a magnesian composition and plots in the clinochlore field (Strunz et al., 
2001). (B) Compositional variation of zoned plagioclase in the propylitic alteration zone.  39 
 
Figure 6.4 (A) N-Type MORB-normalized spider diagram, and (B) REE-chondrite (C1) normalized 
patterns for the (chlorite-epidote) altered granodiorite rocks.     40 
 
Figure 6.5 N-Type MORB-normalized spider diagram for the propylitic alteration zone in the andesite 
wall rock.           42 
 
Figure 6.6 (A) Photomicrograph of the quartz-sericite alteration zone with the stockwork system. The 
veinlets are filled by copper and iron oxide minerals. (B) Photomicrograph of the quartz-sericite alteration 
zone showing feldspar phenocrysts altered to sericite, and the matrix altered to clay minerals and sericite.
            43 
 
Figure 6.7 (A) Backscatter image of K-feldspar replaced by fibrous sericite in the phyllic alteration zone. 
(B) Sericite composition including the muscovite, the pyrophyllite, and the paragonite end members (Bird 
and Norton, 1981; Parry et al., 1984).        44 
 
Figure 6.8 (A) N-Type MORB-normalized spider diagram for the phyllic alteration zone. (B) 
REE-chondrite (C1) normalized patterns for the phyllic a transitional feldspar-destructive alteration zone. 
45 
Figure 6.9 Compositional variation of feldspar in the proximal and the distal parts of the argillic 
alteration zone.           46 
 
Figure 6.10 (A) N-Type MORB-normalized spider diagram for the argillic alteration zone. (B) 
REE-chondrite (C1) normalized patterns for the argillic alteration zone.    47 
 
Figure 6.11 Photomicrograph of the advanced argillic alteration paragenesis. The feldspar and sericite 
minerals are replaced by alunite a dominant mineral in this alteration zone.   48 
 
Figure 6.12 (A) N-Type MORB-normalized spider diagram shows a depletion in concentration of K and 
Rb for the late advanced argillic alteration zone. (B) REE-chondrite (C1) normalized patterns for the late 
advanced argillic alteration zone.        49 
 
Figure 6.13 (A) N-Type MORB-normalized spider diagram for the late silicic alteration zone. (B) 
REE-chondrite (C1) normalized patterns for the late silicic alteration zone.   50 
 
Figure 6.14 The anomaly distribution of Cu > 0.1%, Mo > 30 ppm, Pb > 400, and Zn > 400 are shown on 
a metal zoning map in the Seridune prospect. This map is consistent with figure 3.1, the simplified 
geology map and figure 6.1, the distribution of the early to late hydrothermal alteration zones. 52 
 
Figure 7.1 Plot of selected major and trace elements (Al2O3, Ga, Tm, Yb) against TiO2 and calculated 
correlation coefficients (r). The Al2O3 and Ga indicate immobility with a correlation coefficient (r) ≥ 0.7 
as well as ≥ 0.6 for Tm and Yb.         58 
 
Figure 7.2 Mass balance plot between the chlorite-epidote (propylitic) alteration (n = 6) and least altered 
granodiorite rocks (n = 6): (A) Isocon diagram (isocon gradient of 1.01 is defined by the immobile 
elements), and (B) Concentration change (∆C).       60 
 
Figure 7.3 Mass balance plot between the quartz-sericite (phyllic) alteration (n = 6) and least altered 
granodiorite rocks (n = 6): (A) Isocon diagram (isocon gradient of 1.0 is defined by the immobile 
elements), and (B) Concentration change (∆C).       62 
 
Figure 7.4 Mass balance plot between the quartz-albite-sericite-kaolinite-illite (argillic) alteration (n = 4) 
and the quartz-sericite (phyllic) alteration (n = 6): (A) Isocon diagram (isocon gradients of 1.16 is defined 
by the immobile elements), and (B) Concentration change (∆C).     63 
IX
Figure 7.5 Mass balance plot between the quartz-alunite-pyrophyllite (advanced argillic) alteration (n = 
8) and quartz-sericite (phyllic) alteration (n = 6): (A) Isocon diagram (isocon gradient of 1.04 defined by 
the immobile elements), and (B) Concentration change (∆C).     65 
 
Figure 9.1 Morphology of various types of fluid inclusions : A) Irregular to spheroidal forms of 
secondary Type I inclusions (Liquid-rich), Type II (vapour-rich) as solitary inclusion or intra-granular 
trail, Type III (halite-bearing) in phyllic quartz veins; B) Spheroidal to irregular forms of secondary Type 
I and intra-granular Type II inclusions, suggesting a pseudo-secondary origin in quartz veins of the 
advanced argillic alteration zone.        72 
 
Figure 9.2 Plots of the homogenization temperature (Th) against: (A) Temperature of ice melting (Tm), 
and (B) Salinity (NaCl eq.) of various fluid inclusion types within the quartz vein/veinlets in phyllic 
alteration zone.           73 
 
Figure 9.3 Plots of the homogenization temperature (Th) against: (A) Temperature of ice melting (Tm), 
and (B) Salinity (NaCl eq.) of various fluid inclusion types within the quartz vein/veinlets of the advanced 
argillic alteration zone.          74 
 
Figure 10.1 Ternary FeOt-MgO-Al2O3 diagram from biotite of porphyritic granodiorite indicates (after 
Abdel-Rahman, 1994) the Seridune granodiorite porphyry plot in the (“C”) calc-alkaline I-type field. 
Granodiorites from the Sarcheshmeh porphyry Cu deposit are also shown for comparative purposes.
            79 
 
Figure 10.2 Whole rock geochemistry of the Seridune granodiorite porphyry presented as molar ratio of 
Al2O3/(CaO + Na2O + K2O) vs. SiO2. Values in the range of 0.90 to 0.93 suggest weak crustal 
contamination (Ague and Brimhall, 1988b).        81 
 
Figure 10.3 (A) Spider diagram showing similar distribution patterns for porphyritic granodiorite, barren 
quartz monzonite and andesite. (B) REE-Chondrite (C1) normalized patterns displaying slight enrichment 
of MREE and HREE in barren quartz monzonite and andesite relative to granodiorite porphyry. 84 
 
Figure 10.4 Calculated log fO2 and log fS2 values from clinochlore compositions in the propylitic 
alteration zone of the Seridune porphyry. The schematic diagram is adapted from Norman et al. (1991). 
87 
Figure 10.5 Eh-pH diagram showing the stability fields of Cu and iron minerals in the system Cu-S-H2O 
and Fe-S-H2O. Malachite and goethite form under neutral pH and > 0.5 V Eh in the leached capping zone 
at Seridune prospect.          94 
 
Figure 10.6 R1-R2 diagram (after De La Roche et al., 1980) discriminating various alteration zones 
within the Seridune prospect in relationship to the host rocks porphyritic granodioirte (n = 65). The 
chemical discrimination indicates that R1 increases and R2 decreases with increasing alteration intensity. 
95 
Figure 10.7 (A) Spider diagram showing geochemical differences between the propylitic, phyllic, 
advanced argillic and silicic alterations. The advanced argillic and silicic alteration indicate low 
concentration of K, Rb, and Ba. (B) Chondrite (C1) normalized REE distribution patterns displaying slight 
decreases of REE with increasing intensity of alteration (arrow direction).   97 
 
Figure 10.8 (A) Representative feldspars from the Seridune prospect and the Sarcheshmeh Cu deposit 
show a similar range in compositions (An35-25). (B) Biotite discrimination diagram (Rieder, et al., 1998) 
displaying chemical differences for biotite from both localities.     102 
 
Figure 10.9 The magnesium composition of chlorite (clinochlore) replaced the hornblende and biotite in 
the granodioirte rocks from the Seridune prospect and the Sarcheshmeh Cu deposit.  102 
 
Figure 10.10 (A) Spider diagram show relatively similar geochemical patterns for the Seridune prospect 
and Sarcheshmeh Cu deposit, with the exception of low concentration of P and Sr in Sarcheshmeh. (B) 
XChondrite (C1) normalized REE patterns show similar distributions for Seridune and Sarcheshmeh.
            103 
 
Figure 10.11 Geochemical patterns of productive and nonproductive granodiorite intrusions at El 
Salvador-Potrereillos district compare with the Sarcheshmeh and Seridune granodiorite porphyries. Data 
normalized to a typical barren granodioirite (T.B.G, R29). The gray areas highlight important negative 
anomalies related to the productive intrusions.       105 
 
Figure 10.12 Schematic genetic model for the development of the Seridune prospect based on section 0N 
(Figure 3.2): (A) Exsolving fluid from crystallizing medium-high-K calc-alkaline magma accumulates in 
the upper part of the intrusion, fracturing the carapace and altered host and country rocks to K-silicate 
alteration. The remobilized Cu from the crystallizing magma precipitates in the stockwork fracture zone 
during K-silicate alteration. The granodiorite intrusion cools down and the early potassic alteration 
expands to lower levels. Surrounding meteoric water begins to heat, circulate and/or partly mix with 
magmatic water forming propylitic alteration zone. (B) Transitional phyllic alteration zone forms by 
heated meteoric fluid with low salinity and low pH, dissolved sulphide minerals precipitating in the 
quartz stockwork veins. (C) The feldspar destructive alteration including the late 
quartz-alunite-pyrophyllite and quartz±pyrophyllite has taken place at higher levels by encroached 
meteoric fluid and forming a veiny advanced argillic alteration zone.    110 
 
Figure 10.13 Proposed drill holes for the Seridune prospect. Note that the location of the proposed drill 
holes related to the all data constraining through study of the Seridune prospect.   112 
 
Figure 12.1 Sample location map of the Seridune prospect.     132 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XI
TABLES 
 
Table 5.1 Fracture density calculated in each location site from the central phyllic alteration zone to the 
peripheral propylitic alteration zone.        32 
 
Table 6.1 Values for trace element and metal concentrations in rock samples from the Seridune prospect.
            52 
 
Table 6.2 Hydrothermal alteration and mineralization sequences of the Seridune prospect. 56 
 
Table 8.1 Chemical analyses of amphiboles used for calculating pressure and temperature. The 
temperatures are determined by the amphibole-plagioclase thermometer of Holland and Blundy, (1994), 
and pressures calculated for the crystallization of Seridune granodiorite porphyry by the application of 
Al-in-hornblende barometer of Anderson and Smith, (1995).     68 
 
Table 8.2 Representative EMP analyses of biotite. The pressures of crystallization of granodiorite 
porphyry at the Seridune are calculated from the biotite geobarometer by the equation of Uchida et al. 
(2007).            69 
 
Table 10.1 General characteristics of the volcanic and intrusive rocks in the Seridune prospect. 83 
 
Table 10.2 Muscovite, paragonite, and pyrophyllite activities in sericite from the central phyllic (quartz 
stockwork), the distal phyllic zone, the transitional argillic zone, and the late advanced argillic alteration 
zone.            98 
 
Table 10.3 Summary of host rocks and causative intrusions for selected deposits of continental margin 
settings.           99 
 
Table 10.4 Comparative summary of the Seridune prospect with the peripheral Sarcheshmeh porphyry 
Cu deposit.           100 
 
Table 10.5 Representative geochemical analyses of productive and nonproductive granodiorite intrusions 
from El Salvador compare with the Sarcheshmeh and Seridune granodiorite porphyries.  104 
 
Table 12.1 Samples for thin sections representing all rock types and alteration zones in the Seridune 
prospect.           130 
 
Table 12.2 Samples for polished-thin sections representing all rock types and alteration zones in the 
Seridune prospect.          130 
 
Table 12.3 Samples for polished-thin sections representing various rock types in the Sarcheshmeh copper 
deposit.            131 
 
Table 12.4 Samples for doubly polished thin sections, used in the fluid inclusion analysis. 131 
 
Table 12.5 Fracture densities from the central quartz-sericite alteration zone to the peripheral 
chlorite-epidote alteration zone.         133 
 
Table 12.6 Measurement conditions and standards used for EMP analysis of silicate minerals. 134 
 
Table 12.7 Measurement conditions and standards used for EMP analysis of sulphide and oxide minerals.
            134 
 
Table 12.8 Detection limit (wt.%) for EMP analysis of silicate minerals.    135 
 
XII
Table 12.9 Detection limit (wt.%) for EMP analysis of sulphide and oxide minerals.  135 
 
Table 12.10 EMP analysis of hornblende in granodiorite from the Seridune prospect.  136 
 
Table 12.11 EMP analysis of biotite in granodiorite from the Seridune prospect.   137 
 
Table 12.12 EMP analysis of plagioclase in granodiorite from the Seridune prospect.  138 
 
Table 12.13 EMP analysis of plagioclase in quartz monzonite from the Seridune prospect. 140 
 
Table 12.14 EMP analysis of plagioclase in volcanic andesite from the Seridune prospect. 141 
 
Table 12.15 EMP analysis of chlorite in propylitic alteration zone from the Seridune prospect. 143 
 
Table 12.16 EMP analysis of epidote in propylitic alteration zone from the Seridune prospect. 145 
 
Table 12.17 End-members, chemical formula and activity-composition relations of sericite solid solution.
            147 
 
Table 12.18 EMP analysis and activity calculation of sericite in granodiorite from the Seridune prospect.
            148 
 
Table 12.19 EMP analysis and activity calculation of pyrophyllite in granodiorite from the Seridune 
prospect.           154 
 
Table 12.20 EMP analysis of magnetite in granodiorite from the Seridune prospect.  155 
 
Table 12.21 EMP analysis of magnetite in volcanic andesite from the Seridune prospect.  156 
 
Table 12.22 EMP analysis of pyrite in phyllic alteration zone from the Seridune prospect. 157 
 
Table 12.23 EMP analysis of chalcopyrite in phyllic alteration zone from the Seridune prospect. 159 
 
Table 12.24 EMP analysis of biotite in granodiorite from the Sarcheshmeh copper deposit. 160 
 
Table 12.25 EMP analysis of plagioclase in granodiorite from the Sarcheshmeh copper deposit. 161 
 
Table 12.26 EMP analysis of chlorite in granodiorite from the Sarcheshmeh copper deposit. 163 
 
Table 12. 27 The detection limits for XRF and ICP-MS.      166 
 
Table 12.28 Geochemical data of major oxides and trace elements of various rock types in different 
hydrothermal alteration zones from the Seridune prospect.     167 
 
Table 12.29 Geochemical data of major oxides and trace elements of various rock types from the 
Sarcheshmeh copper deposit.         177 
 
Table 12.30 Microthermometry data of fluid inclusions in quartz vein/veinlets of phyllic alteration zone.
            179 
 
Table 12.31 Microthermometry data of fluid inclusions in quartz vein/veinlets of advanced argillic 
alteration zone.           180 
 
 
 
XIII
ZUSAMMENFASSUNG 
 
Der Seridune Bezirk wird aus einer sanft nach Nordosten eintauchenden Folge eozäner Andesite 
aufgebaut, welche während zwei Stadien von kupferführenden porphyrischen Granodioritstöcken 
und -gängen durchschlagen wurden. Diese spät-miozänen Intrusiva werden nachfolgend als 
„Granodiorit-Stöcke“, bzw. „Granodiorit-Gänge“ bezeichnet. In einem späteren Ereignis wurde 
die Andesit-Abfolge von einem Quarz-Monzonit-Gang mit Intergranulargefüge durchschlagen. 
Pliozäne Dacit-Laven überlagern die älteren Gesteine vor allem im westlichen Teil des Seridune 
Bezirks. 
Die eozänen Andesite haben einen kalk-alkalinen (low-K) Chemismus. Dominante Minerale in 
diesen Gesteinen sind Plagioklas (An85-35), Hornblende, Klinopyroxen und Magnetit. Die 
niedrigstgradig alterierten Granodiorite enthalten zonierten Plagioklas (An50-20) und Hornblende 
neben Quarz, Biotit, Magnetit sowie untergeordnet Ilmenit als Einsprenglinge in einer Quarz- 
und Plagioklas-reichen Grundmasse. Der Chemismus der Granodiorite lässt eine Klassifikation 
als kalk-alkaline (medium-high-K) Gesteine zu. Der Quarz-Monzonit kristallisierte unter 
Gleichgewichtsbedingungen und ist überwiegend zusammengesetzt aus Hornblende, Plagioklas 
(An50-40), Quarz, Biotit und untergeordnet aus Magnetit.  
Die Muster der mittleren und schweren SEE sind nützliche Indikatoren, um den erzführenden 
Granodiorit von dem nicht vererzten Quarz-Monzonit zu unterscheiden. Der Granodiorit kann 
aufgrund von Na2O-Gehalten > 4.44 Gew.-% und Al2O3/(CaO + Na2O + K2O)-Verhältnissen 
von 0.90 bis 0.93 als schwach krustal kontaminierte I-Typ Schmelze klassifiziert werden. 
Aluminiumgehalte (AlT) in Biotit von 2.49 (apfu) zeigen an, dass die Intrusionstiefe des 
Granodiorits ca. 3.9 km betrug. 
Bei der frühen Chlorit-Epidot-Alteration (Propylitische Alteration) erfolgte eine Anreicherung 
von Mg und Ca, was mit der Bildung von Klinochlor, Epidot und Calcit einhergeht. Der 
XMg-Wert des Chlorits nimmt vom proximalen zum distalen Bereich der Chlorit-Epidot-
Alterationszone ab, während der Eisengehalt zunimmt. Die anhand der Chloritzusammensetzung 
abgeschätzten Werte für fO2 und fS2 in der Chlorit-Epidot-Alterationszone variieren zwischen 
10-38 – 10-44 bzw. 10-13 – 10-16. Die Häufigkeit von Epidot-Adern im distalen Bereich der 
propylitischen Alterationszone stimmt mit einer Zunahme der Epidot-Aktivität (aCzo) überein. 
Die während des Übergangsstadiums gebildete Quarz-Serizit-Alterationszone (phyllic 
alteration), für die eine „Feldspat-abbauende Alteration“ kennzeichnend ist, weist vor allem 
Serizit (XK = 0.86) auf, der Biotit vollständig ersetzt (XMg > 0.60 %). Daneben kommen Chlorit 
(XMg = 0.68) und Plagioklas (An50-10) vor. Der XK-Wert feinkörniger hydrothermaler Serizite 
proximaler Anteile der Alterationszone (Quarz-Stockwerk) von 0.86 ist deutlich höher als der 
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aus distalen Anteilen (XK = 0.77). Der pervasive Abbau von Plagioklas und die einhergehende 
Bildung von Serizit spiegeln die hohe Kaliumaktivität in der fluiden Phase, die für die Bildung 
dieser Alterationszone verantwortlich war, wider. Das Vorkommen von Quarz-Adern (Typ-„A“ 
und -„B“) im Zentrum der Quarz-Sericit-Alterationszone zeigt an, dass diese die frühere Kalium-
betonte Alteration überprägt. Verbreitete Sulphidbildungen bestehen aus feinkörnigem Pyrit und 
Chalkopyrit, die in den „B“-Typ-Quarz-Adern und ihren Salbändern vorkommen. Diese Adern 
treten im Zentrum der Quarz-Serizit-Alterationszone, der Quarz-Stockwerk-Zone, auf, während 
sie in den distalen Anteilen nicht vorhanden sind. Die mikrothermometrischen Untersuchungen 
ergaben Homogenisierungstemperaturen (Th) um 273 °C und Salinitäten (NaCl-Eq.) um 17.9 
Gew.-%.  
Die argilitische Alteration (Quarz-Tonmineral-Assoziation) ist gekennzeichnet durch eine 
Feldspatbleichung, die als primäres Charakteristikum dieses Alterationstyps im Seridune 
Prospekt dient. Der Anorthitgehalt des reliktischen Feldspats beträgt 10 bis 30 %. Der 
Kaliumgehalt in den Feldspäten (XK, apfu) variiert zwischen 0.14 und 0.35. Dieser Alterationstyp 
verursachte eine Volumenabnahme von –1.03 ± 10.13 % bzw. eine Massenabnahme von –1.48 ± 
12.2 % bezogen auf die Gesteine der Quarz-Serizit-Alterationszone. 
Die Quarz-Alunit-Pyrophyllit-Alterationszone (Fortgeschrittene Argilitische Alteration) zeigt 
entsprechend der namengebenden Mineralneubildungen eine Anreicherung an Al und Si. Serizit 
und untergeordnet K-Feldspat werden ersetzt durch Alunit und Pyrophyllit, die wahrscheinlich 
nicht unter Gleichgewichtsbedingungen nebeneinander kristallisierten. Die Aktivität von 
Pyrophyllit beträgt in der gesamten Zone ca. 0.96. Pyrit kommt disseminiert im Gestein sowie in 
späten „D“-Typ-Quarzadern vor. Die mikrothermometrischen Daten der Flüssigkeitseinschlüsse 
in diesen Quarzadern ergeben Homogenisierungstemperaturen von ca. 246 °C und Salinitäten 
(NaCl-Eq.) von ca. 13.5 Gew.-%. Die Dichte der fluiden Phase ist während der späten 
fortgeschrittenen argilitischen Alteration geringer als während der Quarz-Serizit-Alteration, was 
anzeigt, dass der spät gebildeten fluiden Phase vermehrt meteorisches Wasser zugemischt wurde.  
Die Aktivität (aMS) des hydrothermalen Serizits aus der zentralen Quarz-Serizit- über die 
argilitische und die fortgeschritten argilitische Alteration beträgt durchschnittlich 0.62, 0.29 und 
< 0.007. 
Ursprünglich in den Gesteinen vorhanden Sulphide wurden darin aufoxidiert und es kam zur 
supergenen Bildung von überwiegend Goethit, Hämatit, Jarosit und Malachit sowie Azurit vor 
allem oberhalb des Grundwasserspiegels. Dabei liegen in der Verwitterungslösung moderate 
pH-Werte (6–8) und Eh-Werte (> 0.5 V) vor.  
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Die Zusammensetzung und Mineralogie der felsischen Intrusionen, die Geometrie der 
hydrothermalen Alterationszone und der Mineralisierung sowie die der Sarcheshmeh 
Kupferlagerstätte ähnlichen geochemischen Parameter sind die wichtigsten Indikatoren für das 
Vorliegen einer porphyrischen Kupfer-Mineralisation im Seridune Prospekt. 
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ABSTRACT 
 
The Seridune district consists of an Eocene volcanic andesite succession with a gently northeast 
dipping, which was intruded by at least two phases of copper-bearing granodiorite porphyries. 
They are subsequently referred to as “granodiorite stock”, and affiliated “granodiorite dikes” 
(Late Miocene). Furthermore, a late barren dike of intergranular quartz monzonite also intruded 
into the volcanic andesite. A succession of volcanic dacite lava (Pliocene) overlies the intrusions 
mainly at the west part of the Seridune district. 
The volcanic andesite rocks are characterized by plagioclase grains (An85-35) and are classified as 
low-K calc-alkaline rocks. The least altered porphyritic granodiorite contains zoned plagioclase 
(An50-20) and hornblende with quartz, biotite, magnetite and minor ilmenite. These mineral 
phases are set in an interstitial medium-grained quartz and plagioclase groundmass. The 
porphyritic granodiorite is discriminated as a medium-high-K calc-alkaline suite. The 
intergranular quartz monzonite consist of hornblende, plagioclase (An - ), quartz, biotite, and 
minor magnetite which are crystallized under equilibrium condition. 
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The MREE and HREE 
patterns are useful indicators to distinguish the mineralized granodiorite porphyry from the 
barren intergranular quartz monzonite rocks. Geochemically, the Al2O3/(CaO + Na2O + K2O) 
ratio (0.90 to 0.93) and the Na2O content (> 4.44 wt.%) classify the Seridune granodiorite 
porphyries into weakly crustal-contaminated I-type granitoid. The total Al (AlT) content of 
biotite (2.49 apfu) indicates that the granodiorite pluton was emplaced at approximately 3.9 km 
below the paleosurface.  
The early chlorite-epidote (propylitic) alteration zone at the Seridune prospect shows a general 
enrichment in Mg and Ca, which is consistent with the presence of clinochlore, epidote and 
calcite. The XMg of chlorite decreases from the proximal to distal portion of the chlorite-epidote 
alteration zone, but the Fe values increases outward. The fO2 and fS2 estimated from chlorite 
compositions range from 10-38 to 10-44 and 10-13 to 10-16 respectively in the chlorite-epidote 
alteration zone. The abundance of epidote veins in distal parts of the propylitic alteration zone 
coincides with an increase of epidote activity (aCzo).  
The transitional quartz-sericite alteration zone, referred to as “feldspar destructive alteration”, is 
typically dominated by sericite (XK = 0.86) completely replacing biotite (XMg > 0.60), chlorite 
(XMg = 0.68) and plagioclase (An50-10). The XK (0.86) of fine-grained hydrothermal sericite from 
the proximal (quartz stockwork) phyllic alteration zone is considerably higher than that from 
distal portions of phyllic zone (XK = 0.77). The pervasive sericitization and breakdown of 
plagioclase represent the high activity of K in the hydrothermal fluid through the quartz-sericite 
alteration zone. The presence of quartz veins (“A” and “B”) in the center of the phyllic alteration 
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zone indicates that it overprints the earlier subsurface potassic alteration zone. The common 
sulphides consist of fine-grained pyrite and chalcopyrite, which occur in the “B” quartz 
vein/veinlets or disseminated in the selvage of quartz-sericite alteration zone. These veins are 
present in the center of phyllic alteration zone (quartz stockwork zone) and disappear outside of 
the center. The microthermometric data from the fluid inclusions related to quartz veins/veinlets 
in phyllic alteration zone indicate that the homogenization temperature (Th) and salinity are in 
the approximate range of ~273°C and 17.9 wt.% NaCl eq respectively.  
The quartz-clay (argillic) alteration is characterized by bleaching of abundant feldspars which is 
the primary indication of the argillic alteration at the Seridune prospect. The composition of the 
relict feldspar is An30-10 and the mole fraction of XK in feldspar varies from 0.35 to 0.14. The 
alteration shows a decrease in the mass and volume (-1.48± 12.2 % and -1.03± 10.13 % 
respectively) with respect to the quartz-sericite alteration zone.  
The late quartz-alunite-pyrophyllite zone is enriched in Al and Si, which reflects the 
predominance of aluminosilicate minerals, i.e. pyrophyllite, alunite and clay minerals in altered 
rocks. The sericite and minor K-feldspar are mainly replaced by alunite and pyrophyllite, which 
are unlikely to be formed in equilibrium. The activity of pyrophyllite is about 0.96 through the 
alteration zone due to the complete destruction of the preexisting minerals. Pyrite occurs as 
disseminated grains or in the late comb and banded, “D” quartz vein/veinlets of the advanced 
argillic-silicic zone. The microthermometric data of fluid inclusions in comb quartz veins 
indicate that the Th and salinity are about 246°C and 13.5 wt.% NaCl eq. The fluid density in the 
late advanced argillic alteration zone is typically lower than that in the transitional phyllic zone, 
which indicates that the late fluid is more diluted by the meteoric water.  
The activities of hydrothermal sericite from central quartz-sericite, through quartz-clay and to 
late quartz-alunite-pyrophyllite zones have average aMs values of 0.62, 0.29 and ≤ 0.007, 
respectively. 
Sulphides originally present in the leached capping have been oxidized to limonite, composed 
mostly of jarosite, goethite, and hematite. The moderate pH (6-8) and Eh (> 0.5 V) solutions 
control the abundance of other supergene minerals (e.g. malachite and azurite) above the 
groundwater table. 
The composition of felsic intrusions, geometry of hydrothermal alteration zones, mineralization 
styles (porphyry and vein types) and similar geochemical parameter with Sarcheshmeh copper 
deposit are most important indicators that imply the occurrence of a porphyry copper 
mineralization at the Seridune prospect.  
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1 INTRODUCTION 
 
1.1 Porphyry copper deposits in Iran 
Most porphyry copper deposits are products of subduction-related magmatism and are 
commonly discovered in continental and oceanic arcs of Tertiary and Quarternary age (Laramian 
and Neogene metallogenic events, Cooke et al., 2005). They are significant sources of copper, 
gold and molybdenum. The giant porphyry copper deposits mainly in Iran and Pakistan occur in 
a region between the Arabian (Afro-Arabian) and Eurasian plates following subduction of the 
Neo-Tethys oceanic plate (Cooke et al., 2005; Figure 1.1). Leaman and Staude (2002) noted that 
the continental arc-style magmatism related to the subduction of the Neo-Tethys oceanic plate 
produced several porphyry deposits such as the porphyry copper-molybdenum deposit at Sungun 
(northwestern Iran), the giant gold-rich porphyry copper deposit at Sarcheshmeh (southeastern 
Iran), a porphyry copper deposit at Meiduk (southeastern Iran) and Reko Dig in northwestern 
Pakistan. All of these significant porphyry copper deposits and prospecting areas such as 
Seridune in Iran are associated with subduction-related granitoids of Eocene to Miocene age 
(McInnes et al., 2003).  
 
1.2 Seridune prospect 
1.2.1 Location and access 
The Seridune prospect is located 3 km northeast of Sarcheshmeh, a world class porphyry copper 
mine. The major towns close to the Seridune district are Rafsanjan, 60 km to the north, and 
Kerman, 90 km to the east-northeast. The best access to the Seridune region is a 15 minutes drive 
by a vehicle from the Sarcheshmeh main mine building towards the explosion warehouse. The 
morphology of the Seridune area includes a steeply incised mountainous terrain ranging in 
altitude between 2660 to 3060 m.a.s.l (meter above sea level). The valleys with moderately to 
steeply slopes extend along drainage with trending north-south (Figure 1.2). The region has an 
arid climate with a highest average temperature of 45°C during hot days in summer, but is cold 
to -10°C during cold days in winter (Shahabpour, 1982). The dry season lasts from May to 
December and the wet season is between December and April. The total annual rainfall is 300 
mm during the wet season.  
 
1.2.2 Previous works  
The geology of the Seridune prospect was first studied by Bazin and Hübner (1969). They 
reported that porphyritic granodiorite dikes are developed through the north and northeast of 
Seridune area. 
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Figure 1.1 Several major porphyry copper deposits developed within the Alpine orogenic belt between the Arabian and Eurasian plates, along a subduction 
Zone from the northwest to southeast of Iran (modified after GSI Yu-53, 1973).  
Note: GSI = Geological Survey of Iran, Yu = Yugoslavian report 
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Figure 1.2 The Seridune prospect, Kerman, Iran (looking southwest, March 2005). 
 
The granodiorite dikes are commonly silicified and argillized. Siliceous veins are found within 
the granodiorite dikes and volcanic wall rocks. Pyrite, chalcopyrite, and chalcocite appear at 
shallow depth, where the siliceous veins are in contact with volcanic rocks (Bazin and Hübner, 
1969). A regional scale study was carried out by the Institute for Geological, Mining 
Exploration, Investigation of Nuclear and other Raw Materials-Belgrade, Yugoslavia 
(1968-1972). In 1977, the companies Anaconda and NICICO (National Iranian Copper 
Industries Company) drilled 3 holes at the eastern border of the Sarcheshmeh deposit adjacent to 
the Seridune prospect. Additional, unpublished work was done by Rio Tinto in 2001. 
 
1.3 Objectives  
The main objectives of this research are to: 
♦ Study the primary and altered minerals as well as ore minerals, creating a detailed 
petrographic classification of the different rock types and alteration zones. 
♦ Analyze the major and trace elements of least altered and altered rock types to find 
the geochemical signatures associated with the different rock types. 
♦ Construct geological and alteration maps of the Seridune prospect with respect to the 
field observations. 
♦ Investigate the structural elements controlling the copper mineralization. 
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♦ Study the systematic changes in major and trace element compositions of the 
diagnostic hydrothermal minerals. 
♦ Establish a hydrothermal alteration and mineralization sequence based on detailed 
petrography, mineral chemistry and vein material. 
♦ Calculate the mass balance of hydrothermal alteration zones. 
♦ Investigate the physicochemical conditions of the fluids in alteration zones. 
♦ Compare the lithogeochemistry and diagnostic mineral compositions of the Seridune 
prospect with the Sarcheshmeh porphyry copper deposit. 
♦ Develop a genetic model for the Seridune hydrothermal system. 
♦ Propose a possible exploration model for the Seridune prospect. 
♦ Give a recommendation for future studies. 
 
1.4 Work accomplished and methods 
1.4.1 Fieldwork and mapping 
This thesis is based on two phases of fieldwork; the first stage of fieldwork took place in 
March-April 2003, over a period of 20 days. A total of 155 rock samples was collected from the 
outcrops at Seridune for petrographic, lithogeochemistry and fluid inclusion (quartz veins) 
investigations. The priority of this fieldwork was to collect geological data and representative 
samples of different rock types and alteration zones. The second stage of field work took place in 
March 2005, over a period of 15 days together with Prof. Dr. F. M. Meyer. A total 50 rock 
samples was collected from the granodiorite intrusions of the Seridune prospect and 
Sarcheshmeh copper deposit. The collected samples were analyzed at the Institute of Mineralogy 
and Economic Geology, RWTH Aachen University, Germany, as well as at ALS Chemex, 
Canada. Detailed geological and alteration maps of the Seridune prospect were completed after 
the first stage of fieldwork. These maps were used and updated during the second stage of field 
work.  
 
1.4.2 Laboratory works 
The laboratory work includes petrography, bulk-rock geochemistry, mineral chemistry and fluid 
inclusion analyses. These investigations complete the fieldwork observations to achieve the 
mentioned objectives. 
♦ Petrographic investigations were performed using thin, polished and polished-thin 
sections. A total of 125 thin and polished-thin sections was analyzed for identifying the 
minerals of least altered and altered rocks as well as their textures by using transmitted 
and reflected light microscopy. This investigation allows the diagnostic primary and 
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hydrothermal minerals to be classified for each rock type and alteration zone 
respectively.  
♦ A total of 140 representative samples from the least altered and altered rocks was 
analyzed for major and trace element geochemistry (X-Ray Fluorescence, XRF). 
Furthermore, 22 selected samples were sent to ALS-Chemex, Canada, for analysis of 
gold (Inductively Coupled Plasma Atomic Emission Spectrometry, ICP-AES) and both 
trace and Rare Earth Elements (Inductively Coupled Plasma Mass Spectrometry 
ICP-MS). These comprehensive chemical analyses form an essential database for the 
determination of element mobility, mass balance calculations and interpretation of 
geochemical data. 
♦ Electron MicroProbe Analyses (EMPA) determined the chemistry of minerals from each 
of the identified mineral assemblages. A total of 40 polished-thin sections was analyzed 
by using EMPA. These samples represent a compilation of the alteration zones and the 
least altered rocks at the Seridune prospect and Sarcheshmeh copper porphyry deposit. A 
JEOL JXA-8900R Electron Micro Probe at the Institute of Mineralogy and Economic 
Geology, RWTH Aachen University was used to determine the chemical composition of 
the primary and hydrothermal minerals. These are important for thermobarometric 
calculations as well as for identifying chemical variations of the diagnostic minerals 
through the alteration zones. 
♦ A total of 78 selected rock samples from the different alteration zones was analyzed 
using X-Ray Diffraction (XRD), to identify trace and fine-grained clay minerals within 
the argillic alteration zones. Clay-bearing samples were glycolated to enable the 
determination of clay minerals.  
♦ Representative polished sections were selected for cathodoluminescence microscopy, to 
assist the identification of possible zoning in minerals. 
♦ Microthermometric analyses of the fluid inclusions from 10 doubly polished thin sections 
were performed to record the temperature of homogenization and determine the salinity 
of fluids.  
 
1.5 Porphyry copper deposit 
1.5.1 Definition, grades and tonnages 
Porphyry copper deposits are large and relatively low grade (average 0.4% copper) epigenetic 
deposits of disseminated and vein type copper and iron sulphide, often associated with gold, 
molybdenum and silver (Cooke et al., 2005). They occur within porphyritic subvolcanic diorite 
to granodiorite from calc-alkaline magmatism, both in island arcs and on cratonic continental 
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margins (Richards, 2003; Tosdal and Richards, 2001). Porphyry copper deposits usually develop 
during several episodes of intrusive activity, hence swarms of dikes and intrusive breccias can be 
expected (Guilbert and Park, 1999). The alteration effects are visible in both the country and host 
rocks, a distinctive variation in mineral assemblage occurs within the mineralization (Titley, 
1982). The surface weathering often produces rusty-stained, bleached zones from which the 
metals have been leached; these metals may redeposit close to the water table to form an 
enriched zone of secondary mineralization. Singer (1995) and Sillitoe (1998) proposed the 
following size subdivisions for the porphyry copper systems: the giant > 2 Mt copper and the 
supergiant > 24 Mt copper. The arbitrary classification has also been applied to copper 
porphyries: low grade (< 0.5% copper), moderate grade (0.50-0.75% Cu), and high grade (> 
0.75% Cu). The 25 largest porphyry copper deposits plot as a function of resource tonnage vs. 
copper grades and can be subdivided on the basis of metal grades. The highest grades are found 
at Sarcheshmeh (Iran), Escondida (Chile) and Grasberg (New Guinea; Cooke et al., 2005; Figure 
1.3).  
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Figure 1.3 Diagram of copper grade vs. tonnage for the 25 largest porphyry copper 
deposits showing fields of high-grade, intermediate-grade and low-grade (Cooke et  
al., 2005). 
 
1.5.2 Geotectonic framework 
The porphyry copper deposits are commonly associated with convergent plate boundaries and 
areas of andesitic volcanism (Sillitoe, 1972, 1997; Sutherland Brown, 1976; Titley, 1982; 
Sawkins, 1990). Sillitoe (1998) noted that crustal thickening associated with compressive 
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tectonism was synchronous with the formation of giant porphyry copper systems in central and 
northern Chile, southwest Arizona, Irian Jaya, and Iran. Most of the porphyry copper deposits 
form along destructive plate margins, above subduction zones of oceanic crust such as 
Chucicamata, Chile and Sarcheshmeh, Iran (Edwards and Atkinson, 1986, Sillitoe, 1998; Figure 
1.4).  
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Figure1.4 Porphyry copper deposits in the context of plate tectonics (Sillitoe, 1998). 
 
1.5.3 Lithological associations 
 
1.5.3.1 Wall rocks 
The porphyry copper deposits are emplaced at shallow crustal levels (1-2 km, 1-3 kbar) of 
continental or oceanic crust. The coeval volcanic rocks are commonly composed of andesitic to 
trachy-andesitic rocks (Sillitoe, 1973). The composition of the wall rock is intensively influenced 
by the hydrothermal fluids and mineralogy of the alteration zones (White, 1996). 
 
1.5.3.2 Intrusive rocks 
The most common host rocks for porphyry copper deposits are plutonic rocks of the granitic 
composition ranging from granite through granodiorite to tonalite and quartz monzodiorite to 
diorite (Evans, 1993). The series of diorite through monzonite (especially quartz monzonite) to 
syenite also represents important host rock types. Many authors agree that porphyry copper 
deposits are normally hosted by I-type granitoids (Pitcher, 1983; Babcock, 1995). 
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1.5.4 Hydrothermal alteration and mineralization 
In 1970, Lowell and Guilbert described the San Manuel-Kalamazoo orebody (Arizona) and 
compared their findings with 27 other porphyry copper deposits (Guilbert and Park, 1999). They 
are ideally defined as porphyry copper deposits associated with calc-alkaline plutons whose 
compositions vary from granodiorite to quartz monzonite rocks. Lowell and Guilbert 
demonstrated that the distribution of the hydrothermal alteration zones (Lowell and Guilbert 
model) is the best reference framework for characteristic features of porphyry copper deposits. 
Generally four coaxial alteration zones form concentric, complete to incomplete shells used as a 
guide for exploring of the porphyry copper deposits. These hydrothermal alteration zones usually 
include orthoclase-biotite (potassic), quartz-sericite-pyrite (phyllic), clay-pyrite (argillic), and 
chlorite-epidote (propylitic) assemblages. Commonly the ore minerals include copper and 
molybdenum sulphides which are found in ore shells within potassic alteration zone (Figure 1.5). 
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Figure 1.5 The vertical cross section of concentric alteration and mineralization zones 
in a classical model of porphyry copper deposit (modified from the Lowell and Guilbert  
model, 1970).  
Note: Abbreviation, Appendix 12.1. 
 
Supergene alteration has been profoundly important in the evolution of economic porphyry 
copper deposits. This alteration has resulted in the development of a secondary enriched copper 
mineralization at shallow and mineable depths, which has provided the necessary grade and 
tonnage of accessible copper ore. In general the phenomenon of supergene sulphide enrichment 
is a remarkable result of weathering (Titley, 1982).  
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1.5.5 Age relationship 
The timing of porphyry copper deposits was investigated by many authors (Meyer, 1972; Hunt 
1991 and Gustafson 1978). They have noted that most of the porphyry copper deposits were 
emplaced in the last 75 million years and very few porphyry copper deposits have been identified 
older than 450 million years (Cooke et al., 2005; Edwards and Atkinson, 1986; Figure 1.6).  
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Figure 1.6 The largest porphyry copper deposits and their age (Cooke et al., 2005). 
Note: Carb = Carboniferous Period.  
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2 REGIONAL GEOLOGY  
 
The evidence for the existence of the Neo-Tethys oceanic basin has been interpreted from the 
presence of a dismembered ophiolitic sequence scattered throughout the central Iran (Stoneley, 
1981; Hooper et al., 1994; Glennie, 2000). 
 
2.1 Structural and general geology of Iran 
The main tectonic units of Iran are interpreted as the products of three major sequential 
geotectonic events: (1) subduction of the Neo-Tethyan oceanic plates beneath the Iranian 
lithospheric plate during Early to Late Cretaceous time, (2) obduction of Neo-Tethyan oceanic 
slivers (ophiolites) over the continental margin through Late Cretaceous (Turonian to 
Campanian) time and (3) collision of the Arabian (Afro-Arabian) continental lithosphere with 
the Iranian plate during Late Cretaceous to Quaternary (Alavi, 1994, 2004). These geotectonic 
events developed three major parallel structural units from west to central Iran, consisting of:  
I- The Zagros fold belt comprises 4 to 7 km thick Paleozoic and Mesozoic sediments which are 
overlain by Cenozoic carbonate and siliciclastic rocks with a thickness of 3 to 5 km (Figure 2.1).  
II- The Sanandaj-Sirjan zone (after Stöcklin, 1977, 1973; “Zagros imbricate zone”, as defined by 
Alavi, 1994) consists of metamorphosed (e.g., Hercynian greenschist–amphibolite assemblages) 
and nonmetamorphosed rocks as well as obducted ophiolites from the suture zone.  
III- The Urumieh-Dokhtar belt is formed by a subduction-related voluminous NW-SE trending 
magmatic arc which is separated from the Sanandaj-Sirjan metamorphic zone by the depressions 
of the Urumieh lake, Gavkhuni and Jazmurian lagoons.  
 
2.2 Geology of the magmatic arc (Urumieh-Dokhtar belt) in central Iran 
The magmatic arc in the central Iran is bounded by a Mesozoic metamorphic belt in the 
southwest and the depression of Rafsanjan in the northeast (Figure 2.2). Magmatic activity lasted 
from the Eocene to the Quaternary age. Many authors agree that the highest magmatic activity 
occurred through the Eocene in central Iran (Stöcklin, 1974; Farhoudi, 1978; Förster, 1978; 
Shahabpour, 2005). The type of magmatism has varied along the arc in central Iran, and mainly 
includes calc-alkaline, high-K calc-alkaline and local alkalic suites (Shahabpour, 2005). The 
calc-alkaline suite mainly consists of the Eocene volcanic complex and Miocene intrusions (e.g., 
dikes and stocks). The intrusive phases are represented by hypabassal bodies of holocrystalline 
granite, granodiorite and diorite porphyries that have intruded into the Eocene volcanic 
successions. The emplacement of intrusives is considered to have taken place in Middle 
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Oligocene to Miocene times but crystallization continued through the Lower Pliocene (McInnes 
et al., 2003).  
 
 
igure 2.1 The main structural units in Iran (modified after Förster, 1978). The voluminous NW-SE trending 
.3 Metallogenic implications of the magmatic arc  
d with shallow level plutonic complexes 
 
F
magmatic arc (Urumieh-Dokhtar belt) is separated mainly by linear back arc depressions.  
 
2
Most porphyry copper deposits in Iran are associate
emplaced in the magmatic arc at the convergent plate margin (Sillitoe, 1972, 1997; Titley, 1982; 
Sawkins, 1990). The intrusion of granitoid dikes is the common characteristic of the magmatic 
arc corresponding to the porphyry copper mineralization in Iran. The major copper provinces 
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along the magmatic arc include Sarcheshmeh (1.2 Gt, 0.7% Cu, 0.03% Mo, 0.1 g/t Au), Meiduk 
(145 Mt, 0.8% Cu) and Sungun (500 Mt, 0.75% Cu, 0.01% Mo).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Simplified structural map of central Iran (Stöcklin and Nabavi, 1973; 
Berberian, 1981b; Shahabpour, 2005).  
Note: PCD = Porphyry Copper Deposit. 
 
McInnes et al., (2003) utilized zircon U-Pb, zircon U-Th/He and apatite U-Th/He geochronology 
and constrained the emplacement of magma within the Sarcheshmeh intrusion at 13.6 Ma and 
Meiduk at 12.5 Ma. Kirkham and Dunne (2000) reported an age of approximately 20 Ma for the 
Sungun intrusion. Thus, presumably also the peak of mineralization within the porphyry copper 
belt appears to be during the Miocene through central Iran. 
 
2.4 Geology of the Seridune region 
The Seridune region mainly consists of an Eocene volcanic complex that is composed of 
andesite-basalt lava (80%), trachy-andesite lava (10%) and sediments (10%, Shahabpour, 1982). 
Commonly the Eocene volcanic complex represents a broad NW-SE trending anticlinorium 
(Bazin and Hübner, 1969). The Miocene hypabassal bodies (e.g. stocks and dikes or composite 
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stock-dikes; Shohabpour, 1982) of holocrystalline rocks are composed of granodiorite to diorite 
intrusions extensively developed through the south and east (Figure 2.3). They intruded into the 
Eocene volcanic complex which is overlain by the porphyritic dacitic lava corresponding to a 
young cupola volcano (Amiral-momenin). Geothermal deposits of travertine formed to the north 
and northwest of the Seridune district. The conglomerates and sandstones with layers of tuff 
form piedmonts and alluvium depressions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Simplified regional geologic map of the Seridune area showing the major volcanic 
and plutonic units. The black line marks the border of extensive argillic alteration zone in the 
region (modified after Bazin and Hübner, 1969). 
 
2.5 Geology of the Sarcheshmeh copper deposit 
The Sarcheshmeh world class porphyry copper deposit is located near (3 km) the Seridune 
prospect. The Sarcheshmeh wall rocks mainly consist of fine-grained andesite porphyries 
(volcanic complex). A detailed subdivision of these rocks is not complete. The Sarcheshmeh 
pluton consists of a granodiorite porphyry stock which was intruded by a stock-dike of late 
fine-grained monzonite porphyry and several porphyritic dikes which comprise early hornblende 
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granodiorite (syn-mineralization), late hornblende granodiorite (late-mineralization), feldspar 
and biotite granodiorite (post-mineralization; Shahabpour, 1982).  
The granodiorite porphyries have variable mineral assemblages but generally contain euhedral to 
subhedral plagioclase phenocrysts, quartz eyes, erratic biotite books and minor hornblende set in 
a medium-grained aplitic groundmass composed of quartz and feldspar (Waterman and 
Hamilton, 1975).The core of the granodiorite stock is influenced by K-feldspar hydrothermal 
alteration, but a strong to weak biotitic alteration occurs in the andesitic wall rock. These early 
alteration zones are overprinted by the phyllic hydrothermal alteration. The propylitic alteration 
zone envelops the whole complex including the andesitic wall rocks (Figure 2.4). The 
mineralized host rocks include the Miocene porphyritic granodiorite stock and Eocene andesitic 
(Eocene volcanic) wall rocks. They show network fracture patterns sometimes associated with 
sulphides and quartz mineralization. Copper mineralization is associated with the potassic 
(K-feldspar) and biotitic hydrothermal alteration zones. The ore minerals are mainly pyrite and 
chalcopyrite with accessory amounts of bornite.  
The age relationship of the propylitic alteration to other alteration types indicates that it is 
contemporaneous to or younger than the potassic alteration, but older than the phyllic alteration. 
The main copper oxide minerals are malachite and azurite. The supergene sulphide minerals 
include chalcocite, covellite and to lesser extent digenite. The deposit is mined by the National 
Iranian Copper Industries Company (NICICO). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Distribution of rock types at 2400 m elevation at the Sarcheshmeh porphyry copper deposit 
(Waterman and Hamilton, 1975).  
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3 GEOLOGY OF THE SERIDUNE PROSPECT 
 
The Seridune prospect is located between the longitudes 55˚53΄35˝-55˚54΄56˝ and latitudes 
29˚57΄19˝-29˚58΄59˝, 90 km southwest of the Kerman province. It is developed in a mountainous 
terrain with elevations ranging from 2660 to 3060 m.a.s.l. In general, the Seridune prospect is 
relatively oval shaped, with a length of 3 km to the north and a width of 2.5 km to the east. The 
Seridune prospect is located in the Urumieh-Dokhtar magmatic arc which includes volcanic and 
plutonic complexes. The dark-gray, massive volcanic complex is developed mainly through the 
east of the Seridune district. This volcanic wall rock was intruded by porphyritic stock-dikes and 
intergranular dikes. They are overlain by a volcanic complex composed of a dacitic lava and 
agglomerates which are formed in the west of the Seridune prospect. A breccia dike is emplaced 
between the porphyritic intrusion and volcanic wall rock through the southeast to east of 
Seridune prospect. Several normal faults (northeast-southwest) dissect the prospect area (Figures 
3.1 and 3.2). 
 
3.1 Lithology 
 
3.1.1 Eocene volcanic complex  
The massive volcanic complex occurs through the east of the Seridune prospect and corresponds 
to an Eocene volcanogenic eruption in the Urumieh-Dokhtar magmatic arc (Bazin and Hübner, 
1969; Shahabpour 1982). This Eocene volcanic complex is the oldest rock unit cropping out at 
the Seridune prospect and mainly consists of fine-grained, dark-gray andesite to trachy-andesite. 
The trachy-andesite is particularly well developed at the contact with intrusive dikes, while the 
andesite is found to an extent beyond the intrusions through the east of the Seridune prospect. 
The volcanic complex is formed by steeply beds towards the northeast dipping. The volcanic 
complex covers 1.6 km2 of the Seridune area and shows a green alteration at the contact with the 
porphyritic intrusion. The copper carbonate veins developed through the volcanic rocks which 
are in contact with the intrusion. Several fragments (xenoliths) of volcanic rocks were found 
within the intrusion dikes (Figure 3.3A). The western border of volcanic rock ends by breccia 
dikes, along the contact with porphyritic intrusion through the eastern portion of the Seridune 
prospect. 
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Figure 3.1 Geological map of the Seridune prospect.  
Note: Mal = malachite, Azu = azurite, Chry = chrysocolla, Hem = hematite, Lm = limonite, m.a.s.l. = meter above 
sea level. 
 
3.1.2 Plutonic complex 
The Late-Miocene plutonic complex comprises porphyritic and intergranular dikes which cover 
3.5 km2 of the Seridune district. They are younger than the volcanic rocks evidenced by the 
contact relationship and xenoliths of volcanic rocks within the porphyritic dikes which are 
mainly exposed in the south of the Seridune prospect (Figure 3.3B). The gray-pale green, 
north-south trending porphyritic dikes are steeply dipping (50°-65°) towards the east.  
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Figure 3.2 Geologic cross section interpreted from the geologic map (Figure 3.1). 
Note: m.s.a.l. = meter above sea level. 
 
The porphyritic granodiorite rocks are hydrothermally altered to different alteration types from 
white quartz-sericite to green chlorite-epidote. Copper mineralization (dispersed and veinlets) 
directly corresponds to the emplacement of the porphyritic intrusion and its hydrothermally 
altered zones.  
B
Volcanic complex
Plutonic complex
Plutonic complex
Xenolith
A
 
Figure 3.3 Photographs of (A) A volcanic xenolith within the porphyritic intrusion developed mainly in the 
south of the Seridune prospect, and (B) Fine-grained, dark-gray Eocene volcanic rocks intruded by the 
porphyritic intrusion.  
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The pinkish-green intergranular dikes are developed through the center of the Seridune prospect 
following a north-south trend. They are unaffected by hydrothermal alteration and usually 
contain no veins or traces of mineralization.  
 
3.1.3 Pliocene volcanic complex 
The Pliocene volcanic complex comprises the porphyritic dacitic lava and ignimbrites with 
alternate dark and light bands. This dacitic lava covers 0.8 km2 of the western part of Seridune 
prospect.  
 
3.1.4 Cover  
The depressions and valleys are filled by alluvial gravels from previous volcanic and plutonic 
rocks through the Seridune prospect.  
 
3.2 Quartz stockwork 
The steeply dipping stockwork veins and veinlets are formed along closely spaced fractures in 
the central parts of the Seridune prospect. These stockwork fractures are filled mainly with 
quartz, Cu-carbonates, sulphides and Fe-oxides. They are abundant within the porphyritic 
intrusion and form several quartz stockwork zones in the center of Seridune prospect (Figure 
3.4). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Photograph of the quartz stockwork veins filled with Cu-carbonates corresponding 
to the leached capping zone at the Seridune prospect. 
 
3.3 Breccia dike 
Breccia dikes are exposed through the east, west and at the southern margins of the Seridune 
prospect. They consist of round to slightly angular fragments of porphyritic granodiorite and 
volcanic andesites which are associated with sandy groundmass and iron oxides veins. The 
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dominant angular clasts of gravel size are granodiorite fragments which might be an indicator of 
shallow-seated porphyry masses, while the round clasts of pebble size (10 cm) indicate andesitic 
origin. The breccia dike is affected by a strong propylitic alteration through the east and southern 
margins of the Seridune prospect (Figure 3.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Photograph of the breccia with round to slightly angular fragments and sandy 
matrix with Fe-oxides. 
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4 PETROLOGY AND GEOCHEMISTRY 
 
This chapter documents the petrology, mineral chemistry, and whole-rock geochemistry of the 
main rock types at the Seridune prospect. The main purpose of this chapter is to identify the 
geological processes by petrographic analyses and geochemical data. The relationship of 
petrology and geochemistry of intrusive rocks, the concentration of the various elements and the 
mineral chemistry provide useful information for understanding the copper mineralization in the 
Seridune prospect. 
 
4.1 Eocene volcanic complex 
The Eocene volcanic complex is the oldest rock unit that crops out in the Seridune district, 
consisting of andesite and trachy-andesite. The trachy-andesite is mainly exposed at the contact 
with the granodiorite intrusion (cf. Figure 3.1). 
 
4.1.1 Petrography  
The dark gray, porphyritic andesite consists of fine to medium-grained phenocrysts set in an 
aphanitic groundmass. The anhedral to subhedral phenocrysts consist of plagioclase ranging 
from 0.2 to 0.6 mm, pleochroic green amphibole with a size of 0.45 mm, rarely clinopyroxene 
and quartz grains. Commonly, the amphibole phenocrysts are surrounded by a fine rim of 
Fe-oxide. The groundmass is dark gray containing variable amounts of plagioclase microlaths, 
amphibole, cryptocrystalline material (devitrified glass), magnetite, traces of pyrite and ilmenite. 
Commonly, the plagioclase phenocrysts crystallized early, followed by amphibole. 
The fine-grained pilotaxitic trachy-andesite is composed of abundant plagioclase, rare 
K-feldspar laths, clusters of magnetite with quartz, and minor chlorite veins. The amount and 
crystal size of plagioclase increases in the trachy-andesite relative to the andesite rocks. 
Carbonate veins (malachite and azurite) are observed throughout the trachy-andesite exposed at 
the contact with the granodiorite intrusion.  
 
4.1.2 Mineral chemistry  
The composition of the plagioclase phenocrysts indicates zoning and their composition ranges 
from An85 to An35 from core to rim (Figure 4.1A). The amphiboles predominantly are pargasite 
to Fe-rich pargasitic hornblende, consisting of a considerable amount of FeO (13.8 wt.%; Figure 
4.1B). The composition of the other silicates were not determined, due to their very fine grain 
size. The magnetite contains 2.26 wt.% TiO2 and 87.9 FeO, which correspond to 6.69 mole 
fraction ulvospinel components (XUsp; cf. mole fraction calculation of Ghiorso and Sack, 1991). 
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The Electron MicroProbe data of the analyzed minerals are presented in Appendix 12.5; 
Table12.14, 12.21. 
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Figure 4.1 (A) Compositional variation of plagioclase phenocrysts from core to rim, and (B) Discrimination 
diagram for the amphibole phenocrysts in the andesite (classification of Hawthorne, 1981). 
Note: An = Anorthite, Ab = Albite and Or = Orthoclase. 
 
4.1.3 Whole -rock geochemistry  
The volcanic wall rock samples (n = 5) are classified as andesite with a relatively constant 
Zr/TiO2 ratio (Figure 4.2A). The majority of K2O and SiO2 concentrations of the andesites are 
consistent with a classification as low- to medium-K calc-alkaline (Figure 4.2B). The variation 
of the SiO2 concentration is due to the quartz veinlets and the slightly altered matrix. The 
concentration of CaO ranges from 3.9 to 18.7 wt.%, which is due to the abundance of plagioclase 
and/or the presence of epidote and calcite. Additionally, all andesite rocks fall into the 
sub-alkaline tholeiite field of Irvine and Baragar (1989; Appendix 12.7; Table 12.28). The 
tholeiitic affinity is probably due to the high total iron content (FeOtotal/MgO = 2.0) of the 
volcanic rocks. The TiO2 content of > 0.5 wt.% corresponds to the presence of Ti-magnetite. The 
general increase of K corresponds to the slight enrichment of K-feldspar in the andesite rocks 
where in contact with the granodiorite intrusions (Appendix 12.7; Table 12.28).  
The andesites are characterized by moderate large ion lithophile element (LILE; e.g. < 1 ppm Cs, 
< 800 ppm Ba, < 58 ppm Rb) and light rare earth element (LREE) concentrations (e.g. < 34 ppm 
La, < 63 ppm Ce). The spider diagram shows slight increase in Rb and Ba, and a prominent 
depletion of Nb and Ti (Figure 4.3A). The Rare Earth Elements (REE) are almost equally 
enriched with respect to chondrite (C1; Sun and McDonough, 1989), and show a gently inclined 
pattern (LaN/LuN = 3.03; Figure 4.3B). The LREE display a steeper slope (LaN/SmN = 2.03), than 
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the heavy rare earth elements (HREE) (GdN/YbN = 1.50). The minor negative Eu anomaly 
(Eu/Eu* = 0.91) corresponds to the abundance of plagioclase in the rocks. 
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Figure 4.2 Discrimination diagrams: (A) The volcanic rocks mainly plot in the andesite field (Winchester and 
Floyd, 1977). (B) The volcanic rocks mainly plot in the low- to medium-K calc-alkaline fields (after Le Maitre 
et al., 1989; Rickwood, 1989). The variation of SiO2 concentration is due to the presence of quartz veinlets 
and the slightly altered matrix. 
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Figure 4.3 (A) Spider diagram for andesitic wall rocks normalized to N type MORB (Sun and McDonough, 
1989). The samples show moderate values for LILE. (B) The REE concentrations normalized to chondrite 
(C1) indicates a gently inclined pattern (Sun and McDonough, 1989). 
 
4.2 Plutonic complex 
The upper Miocene plutonic rocks comprise granodiorite and quartz monzonite dikes that are 
exposed throughout the Seridune area. The green-gray granodiorite dikes intruded into the 
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andesitic wall rocks. Due to the extensive hydrothermal alteration that has occurred throughout 
the Seridune prospect, least-altered samples were collected from the granodiorite dikes. The 
quartz monzonite extends through the central portion of the Seridune prospect. This barren 
intrusion is coeval with the granodiorite or younger than that. This intrusive mass is not affected 
by hydrothermal alteration and usually contains no veins or sulphide mineralization. 
 
4.2.1 Petrography  
The granodiorite consists of 35-40% of plagioclase (1-2.6 mm), 7-10% of green amphibole 
(0.2-1.8 mm), and 5-10% of dark-brown biotite. They are accompanied by 10% K-feldspar, 
15-20% of resorbed quartz (up to 1 mm) and interstitial quartz (< 0.2 mm; Figure 4.4A). In 
general, a rim of finely intergrown magnetite and hematite surrounds the amphibole phenocrysts. 
The subhedral book-biotite is about 1-2 mm in diameter. The general crystallization sequence is 
early plagioclase, followed by amphibole and biotite. The late-stage development is interstitial 
quartz and laths of feldspars. Accessory minerals include wedgy sphene, coarse-grained apatite, 
magnetite, pyrite, ilmenite (< 1%), chalcopyrite, and zircon. Pyrite is, locally, enclosed by 
subrounded magnetite (up to 1 mm in diameter). The magnetite grains are interpreted as 
magmatic in origin, which locally contain coexisting martite and rarely ilmenite. 
In general, quartz monzonite is a coarse-grained, intergranular, pink to light green dike. The rock 
consists of 50-60% plagioclase laths ranging in length from 0.5 to 1.8 mm, 10-20% orthoclase up 
to 1 mm in diameter, 10% quartz up to 0.6 mm in diameter, 5-7% green hornblende (< 1 mm), 
and light-brown biotite (Figure 4.4B). The subhedral plagioclases are unzoned. 
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Figure 4.4 Photomicrographs of the plutonic rocks: (A) The least altered porphyritic granodiorite shows 
medium- to coarse-grained plagioclase and mafic phenocrysts set in a microcrystalline groundmass. (B) The 
quartz monzonite with intergranular texture. 
 
This implies local equilibrium conditions between early-formed crystals and the melt. The fine 
cracks in plagioclase are filled by sericite. Accessory minerals include fine-grained magnetite as 
well as apatite and zircon. The crystallization sequence of phenocrysts is early plagioclase, 
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followed by amphibole and biotite, and the late-stage development of quartz and 
potassium-feldspar. 
 
4.2.2 Mineral chemistry  
The composition of the plagioclase crystals in the porphyritic granodiorite samples varies from 
An50 to An20. The sodic plagioclase overgrowths the rims of plagioclase with andesine 
composition. The biotite is of phlogopitic composition and has a moderate Fe2+/Fe2+ + Mg2+ 
(0.34 to 0.47) ratio and a moderate AlIV (2.25 to 2.53) content (Figure 4.6B). There is a strong 
positive correlation between Na2O and SiO2 (r = 0.97) from core to rim (Appendix 12.5; Table 
12.12; Figure 4.5). The amphibole consists of magnesium-hornblende (edenite; Figure 4.6A), 
and indicates a compositional zoning (Figure 4.7A). This compositional zoning shows abrupt 
increase in Al2O3 and CaO, and decrease in SiO2, MgO, FeO and K2O from rim to the core 
(Figure 4.7B). The analysis of magnetite grains indicates a nearly pure Fe3O4 composition, with 
85.9 wt.% FeO and < 5.10 wt.% for TiO2 (cf. mole fraction calculation of Ghiorso and Sack, 
1991; Appendix 12.5; Table 12.20).  
The composition of plagioclase crystals in the quartz monzonite ranges from An50 to An40 
(Figure 4.5).  
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Figure 4.5 Feldspar composition varies from andesine to oligoclase in the porphyritic granodiorite. Andesine 
is the typical feldspar composition in the intergranular quartz monzonite.  
Note: An = Anorthite, Ab = Albite, Or = Orthoclase, P. Grd = porphyritic granodiorite, IG. Q-monz = Intergranular 
quartz monzonite. 
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Figure 4.6 Chemical composition of hornblende and biotite in the granodiorite: (A) Primary hornblende 
displays a magnesian composition (edenite; classification of Hawthorne, 1981). (B) Biotite is identified as 
phologopite (classification of Rieder, et al., 1998). 
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Figure 4.7 Amphibole chemistry: (A) Backscatter image showing the traverse points that were analyzed, and 
(B) Compositional zoning of amphibole.  
 
4.2.3 Whole-rock geochemistry  
The least altered, Seridune plutonic rocks (n = 7) are recognized from their major element 
chemistry using the criteria of the alteration index (AI = MgO + K2O/Na2O + K2O + CaO + 
MgO, Ishikawa et al., 1976), the K2O/(K2O + Na2O) ratio and low LOI values (Hezarkhani, 
2002; Appendix 12.7;.Table 12.28). The Seridune plutonic rocks vary from porphyritic 
granodiorite to intergranular quartz monzonite. This compositional variation of intrusive rocks is 
investigated by using the millication proportions of their major oxides according to the rock 
classification of De La Roche, et al. (1980; Figure 4.8).  
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Figure 4.8 The diagram of De La Roche et al., (1980) classifies the plutonic rocks into 
monzogranite-granodiorite and quartz monzonite, which are in accordance with the petrographic 
discrimination. The R1 and R2 calculated in millicationic proportions, where R1 = 4Si -11(Na + K) - 2(Fe + Ti) 
and R2 = 6Ca + 2Mg + Al. 
Note: P. Grd = porphyritic granodiorite, IG. Q-monz = Intergranular quartz monzonite. 
 
The majority of the least altered granodiorites and quartz monzonites are classified as medium- 
to high-K calc-alkaline, peraluminous rocks (after Le Maitre et al., 1989; Rickwoood, 1989; 
Figure 4.9A and 4.9B). The mean SiO2 contents of the granodiorite and the quartz monzonite are 
moderate at 61.2 wt.% and 59 wt.%, respectively. 
The slight enrichment of Na2O and CaO in the quartz monzonite is due to the higher plagioclase 
content. The K2O/Na2O ratio in the quartz monzonite (0.59) is higher than for the granodioite 
(0.50) because of higher abundance of orthoclase in the quartz monzonite. The mean Rb/Sr 
(0.07) ratio in granodiorites is slightly lower than in the quartz monzonite (0.13). The Fe and Mg 
amount in the granodiorite is lower than in the quartz monzonite, whereas the concentrations of 
Al2O3 (17 wt.%) are relatively similar for both.  
The concentrations of transition metals (Cr, Ni, Co, V and Sc) are low in both intrusive rocks, 
except V (97 ppm), which is slightly higher in intergranular quartz monzonite than in the 
granodiorite (60 ppm V). The average concentration of copper in the granodiorite porphyry (90 
ppm Cu, n = 6) is higher than in the quartz monzonite (55 ppm Cu; Appendix 12.7; Table 12.28).  
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Figure 4.9 (A) Discrimination diagram (after Le Maitre et al., 1989; Rickwood, 1989) classifying the plutonic 
rocks as medium- to high-K calc-alkaline. (B) The plutonic rocks correspond to felsic peraluminous 
intrusions (Maniar and Piccoli, 1989) on the basis of calculated molar values of A = Al2O3, C = CaO, N = 
Na2O and K = K2O. 
 
The trace element concentration of the granodiorite and the quartz monzonite indicate similar 
patterns compared to N-MORB of Sun and McDonough (1989) . They show depletion in HREE, 
a major negative Nb anomaly, and slight enrichment in K, Rb, and Ba. The LILE, LREE, and 
HFSE concentrations are moderate (e.g. < 1.5 ppm Cs, < 70 ppm Rb, < 1251ppm Ba, 19-36 ppm 
La, 46-63 ppm Ce, 72-112 ppm Zr, 4-6 ppm Nb). The trace element patterns does not reflect 
significant differences between the granodiorite and the quartz monzonite (Figure 4.10A).  
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Figure 4.10 (A) N-Type MORB normalized spider diagram that shows the similar pattern for the 
granodiorite and the quartz monzonite. (B) The chondrite (C1) normalized REE patterns display a slight 
enrichment of MREE and HREE in the quartz monzonite relative to the granodiorite. 
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The REE, normalized to chrondrite (C1), have a slightly inclined pattern for the quartz 
monzonite, which is defined by LaN/LuN = 9.7, whereas it is strongly inclined for the 
granodiorite defined by LaN/LuN = 29.6 (Figure 4.10B).  
 
4.3 Pliocene volcanic complex  
The pliocene volcanic complex is the youngest rock unit that crops out in the Seridune district, 
consisting of dacitic lava.  
 
4.3.1 Petrography  
The dacite consists of coarse- to medium-grained phenocrysts set in a glassy matrix. The 
anhedral to subhedral phenocrysts comprise the  plagioclase laths (> 30%) ranging from 0.5 to 
1.6 mm in diameter (up to 2.2 mm locally) and quartz. They are accompanied by biotite (< 10%) 
< 0.8 mm in size, green hornblende (< 10%) with an average grain size of 0.2 mm, and 
K-feldspar. The glassy groundmass is dark and contains plagioclase microlaths, quartz and 
feldspar fragments. The plagioclase laths show compositional zoning and tectonic twining. The 
accessory minerals include anhedral apatite, wedge shaped sphene, fine-grained magnetite, and 
prismatic zircon. The dacite is distinguished by the fresh phenocrysts and the glassy flow matrix 
from the granodiorite porphyry (Figure 4.11).  
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 Figure 4.11 Photomicrograph 
of the porphyritic dacite with 
fresh phenocrysts and 
feldspar fragments within a 
flow matrix. 
 
 
 
 
 
4.3.2 Whole-rock geochemistry  
The discrimination plots classify the rocks (n = 7) as dacite (Winchester and Floyd, 1977; Figure 
4.12A) which belong to the high-K calc-alkaline series (Figure 4.12B). The dacite is classified as 
a peraluminous felsic volcanic rock and displays a relatively uniform range of SiO2 (62-68 wt.%) 
similar to the plutonic rocks. The high K content (> 2.8 wt.%) is related to the abundance of 
PETROLOGY AND GEOCHEMISTRY 29
alkali feldspar and biotite. All dacite rocks plot in the subalkaline tholeiite field of Irvine and 
Baragar (1989; Appendix 12.7; Table 12.28). The trace elements are characterized by low 
concentrations of transition elements (e.g. < 20 ppm Cr, < 20 ppm Co, < 20 ppm Ni, 27-30 ppm 
Cu, 21-48 ppm V and 21-30 ppm Pb). The LILE (e.g. 989-1242 ppm Ba, 71-77 ppm Rb and 
528-1062 ppm Sr) and HFSE (e.g. 86-134 ppm Zr) are of a moderate concentration. The K/Rb 
ratio commonly ranges from 327 to 411 ppm (Appendix 12.7; Table 12.28).  
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Figure 4.12 Discrimination diagrams for the volcanic rocks: (A) The rocks have a rhyodacite-dacite 
composition when plot in the SiO2 versus Zr/TiO2*0.0001 diagram (Winchester and Floyd, 1977). (B) The 
ocks plot in the high-K calc-alkaline field (after Le Maitre et al., 1989; Rickwood, 1989). 
due to vapor saturation (Lowenstern and Sinclair, 1996). The barren quartz monzonite indicates 
r
 
4.4 Summary 
The volcanic wall rocks can are classified as porphyritic andesite and trachy-andesite, which is 
mainly exposed at the contact with the granodiorite intrusions. These pre-mineralization volcanic 
rocks are relatively similar in their mineral assemblages and bulk rock chemistry, and are 
classified as low-medium-K calc-alkaline series. The REE concentrations normalized to 
chondrite (C1) indicates a gently inclined pattern with a minor negative Eu anomaly (Eu/Eu* = 
0.91). The volcanic rocks have been intruded by the porphyritic granodiorite and the quartz 
monzonite dikes. The term least altered granodiorite porphyry is established by petrographic 
characteristics (weak chlorite-epidote alteration, ~5-10%) and chemical criterias such as low 
alteration index (AI) and low alkali ratio (K2O/K2O + Na2O; Hezarkhani, 2002). The zoned 
phenocrysts (e.g. plagioclase and amphibole), resorbed quartz grains, and disequilibrium growth 
of porphyritic texture supports the interpretation of rapid crystallization in the ascending melts 
PETROLOGY AND GEOCHEMISTRY 30
equilibrium conditions between the early-formed crystals and the melt. The REE patterns display 
a slight enrichment of MREE and HREE in the quartz monzonite relative to the granodiorite. 
The majority of the plutonic rocks are classified as medium- to high-K calc-alkaline rocks. The 
Seridune intrusions are overlain by the volcanic dacite porphyry, which represents to be a later 
volcanic flow.  
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5 STRUCTURAL GEOLOGY  
 
The Seridune prospect and two porphyry copper deposits (i.e. Meiduk and Sarcheshmeh) are 
located within the Urumieh-Dokhtar magmatic arc, which is formed by the NE-SW compression 
due to the subduction of the Arabic platform (Shahabpour, 2005). Alavi (2004) noted that 
formation of porphyry copper deposits in Iran is associated with the granitoid intrusions, which 
are emplaced in a transtensional tectonic setting. In porphyry copper systems, the structural 
elements include the mineralized and unmineralized joint sets, veins, faults, and dikes 
(Panteleyev, 1995). These major structural elements in the Seridune prospect are discussed in the 
following sections. 
 
5.1 Major structural elements  
The normal faults are oriented NNE-SSW in the Seridune prospect. The granodiorite dikes strike 
N-S. The bedding of volcanic andesite follows NW-SE and form a gentle anticlinorium in the 
area. Stockwork fractures are developed within the porphyritic granodiorite intrusion. These 
fractures are significant factors for hydrothermal fluid migration in various alteration and 
mineralization zones. McMillan and Panteleyev (1995) noted the large amount of hydrothermal 
fluid necessary to carry small amounts of metals through permeable rocks. The metals are 
deposited in the fractures, forming the veins and veinlets in porphyry copper systems. The study 
of the veins/veinlets provides information concerning to the genetic model of the ore, gangue 
minerals, and sequential development of the alteration and mineralization patterns (Friehauf et 
al., 2003). 
 
5.1.1 Fracture density 
The dominant style of fractures throughout the Seridune are steep fractures with dips > 50° 
towards the east. The fracture density (n) is calculated after the method of Titley (1982) by 
dividing the cumulative fracture length and the area (5.1). 
 
Fracture density = Cumulative fracture length (cm) / Area (cm2)     (5.1) 
 
The cumulative length of all fractures are measured in a specified area. The average fracture 
density and the standard deviation are calculated in different domains as shown by the Table 5.1. 
The fracture density in the phyllic alteration zone is a relatively uniform (0.85 cm-1) compared to 
the other alteration types (Figure 5.1). This quantitative abundance of fractures can represent a 
vector to the mineralized granodiorite porphyry.  
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Table 5.1 Fracture density calculated in each location site from the central  
phyllic alteration zone to the peripheral propylitic alteration zone.  
 
 
Sample 
Location Latitude Longitude
Fracture 
density 
(cm-1)
Standard 
deviation
SH4 3314630 393240 0.83 0.05
SH28 3314267 393204 0.85 0.11
SH52 3316138 393962 0.80 0.15
SH94 3315695 394266 0.83 0.08
SH97 3315877 394437 0.85 0.09
SH104 3315507 394578 1.30 0.10
SH3 3314772 393255 0.55 0.05
SH75 3314478 394067 0.77 0.10
SH179 3315629 393743 0.50 0.10
SH12 3315640 393252 0.33 0.14
SH36 3314715 393034 0.45 0.12
SH45 3315644 393453 0.29 0.25
SH57 3315721 394097 0.57 0.20
SH63 3315606 393917 0.59 0.15
SH65 3315616 393866 0.45 0.13
SH68 3315629 393759 0.33 0.10
SH119 3315783 393715 0.47 0.08
SH121 3315655 394266 0.68 0.09
SH128 3315838 393817 0.42 0.08
SH176 3314920 393802 0.28 0.19
SH22 3314052 393202 0.76 0.14
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Figure 5.1 Fracture density versus distance from the central phyllic alteration  
(quartz stockwork zone) towards the propylitic alteration zone.  
Note: Numbers refer to the location site, L represent the distance from the center of  
the Seridune prospect. Adv.argillic = Advanced argillic alteration, Prop = Propylitic  
alteration zones.  
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5.1.2 Fracture distribution and orientation  
The general strike of the stockwork fractures varies from northwest to northeast, and to easterly 
directions at the domain (I), the main copper mineralized zone. The domain (II) indicates that the 
preferred strike of fractures varies from NE to the east (E). The strike of the fractures within 
domain (III) represents a N-S trend with steeply dipping towards the east (Figure 5.2). In 
general, the preferred orientation of all fractures is similar to the general trend of extensional 
faults which are formed by the compressive stress, from southeast subduction platform. 
 
 
fracture strike (Rose diagrams) 
rmined through domains I, II and III.  
Figure 5.2 Major fracture domains at the Seridune prospect. Mean 
and dip-directions are dete
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5.1.3 Quartz veins and veinlets 
Three major populations of quartz veins and veinlets (A, B and D) are distinguished in the 
Seridune prospect. The rare “A” quartz veinlets, less than 2mm wide, occur in the quartz-sericite 
alteration zone (Figure 5.3A, B). The sinuous veins consist of medium-grained white quartz (< 1 
mm in size) with traces of chalcopyrite and pyrite. The veins formed during alteration and are 
eins/veinlets occur predominantly within the center of the 
uartz-sericite alteration zone. 
undant adjacent to the fault zones, and are inferred dominantly to be structurally 
ontrolled.  
 
 
 
common in the quartz stockwork zone (I) around the center of the Seridune prospect.  
The rarely mineralized “B” veins and veinlets are developed mainly in the quartz stockwork 
zone (I) and to a lesser extent in the stockwork zone (II). They have a northeasterly strike and dip 
(> 70°) to the east. These veins consist of rare grains of chalcopyrite and pyrite with considerable 
amounts of oxidized minerals e.g., goethite, limonite, jarocite, hematite and copper carbonate 
minerals. These minerals are centered inside an aggregate of fine- to medium-grained quartz. 
The “A” and “B” quartz v
q
 
The “D” quartz veins are characterized by medium- to coarse-grained comb, massive and locally 
banded quartz veins, which typically are 1 to 5 mm wide (Figure 5.4A, B). They are generally 
localized along a north-northwesterly trend in the advanced-argillic alteration zone, mainly 
around the central part of the Seridune prospect. The comb quartz veins are characterized by 
minor pyrite, abundant bornite and halos of feldspar-destructive, clay/mica wall rock alteration. 
They commonly occur in the upper part of the eastern district across the access road. These veins 
are more ab
c
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Figure5.3 (A) Photomicrograph of an “A” sinuous vein within the quartz-sericite alteration zone around the 
ntral part of the Seridune prospect, and (B) Schematic sketch of the “A” veins. ce
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Figure 5.4 (A) Photomicrograph of a banded quartz vein (“D”) within the matrix of fine-grained quartz, 
pyrophyllite and minor sericite, and (B) Schematic sketch of “D” veins. 
 
5.2 Summary 
In general, the mineralization is spatially, temporally and genetically associated with veins and 
veinlets in the hydrothermal alteration zones of the host rock intrusions and the wall rocks in 
porphyry copper systems (Panteleyev, 1995). The fracture zones, as an important guide to 
mineralization, occur in the granodiorite host rock mainly in the center of the Seridune prospect. 
 
The quartz stockwork zone is developed in the quartz-sericite alteration and mineralization zone, 
which represent channels for free movement of fluids for concentrations of copper and other 
metals. The fracture density in the quartz-sericite (phyllic) alteration zone (center of the Seridune 
prospect) has a relatively uniform pattern (0.85 cm-1) with respect to the other alteration zones. 
The dominant trend of fractures is NW-NE with steep dips the east.  
 
The sinuous quartz veins (“A”) occur mainly in the potassic alteration zone in porphyry copper 
deposits (Gustafson, 1995; Sillitoe, 1975), whilst the “A” and “B” veins are observed in the 
quartz-sericite alteration zone in the Seridune prospect. This may reflect that the phyllic 
hydrothermal alteration overprinted the K-silicate alteration zone. The comb, layered and 
crenulated quartz vein (“D”) is spatially and temporally related to the late-stage of hydrothermal 
alteration and mineralization and observed within the advanced argillic alteration zone mainly in 
the central part of the Seridune prospect.  
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6 ALTERATION MINERALOGY AND ZONATION 
 
6.1 Introduction 
This chapter documents the style and geometric relationship of the hydrothermal alteration of the 
host granodiorite porphyry and volcanic wall rocks in the Seridune prospect. The hydrothermal 
alteration types are exposed well throughout the Seridune prospect and characterized by five 
main concentric shell-shaped alteration zones, which are overlapping to some extent (Figure 
6.1). The alteration types in the Seridune prospect are manifested by the “early” chlorite-epidote 
(propylitic), the “transitional” quartz-sericite (phyllic), the quartz-clay (argillic), the “late” 
quartz-alunite-pyrophyllite (advanced argillic), and the quartz±pyrophyllite (silicic) alteration 
zones. In general the hydrothermal alteration pattern is similar to the alteration zoning of the 
Lowell-Guilbert model (Figure 1.5). The intensity of alteration ranges from specific, individual 
minerals in the propylitic to pervasive in the phyllic and the argillic alteration zones. Moreover 
the hydrothermal alteration extends from a narrow selvage along veins to prospect-scale halos. 
 
The “early” propylitic hydrothermal alteration is developed in the east, south and west of the 
Seridune prospect (Figure 6.1). The appearance of the rock is green due to the presence of 
chlorite and epidote minerals. The inner zone of the propylitic alteration extends along the 
contact with the argillic alteration zone and overprints the granodiorite host rock, whilst the outer 
zone is developed in the andesitic wall rocks in the east. This green, outermost alteration zone 
fades into the unaltered, surrounding andesite, forming a concentric belt (width ~400 m) in the 
east-southeast of the Seridune prospect.  
 
The “transitional” phyllic hydrothermal alteration zone is pervasively developed throughout the 
prospect. The appearance of the rock is gray-white due to the presence of sericite and quartz. A 
high density of fractures, which is now including copper carbonates (mal and az)and iron oxides 
(gt, hem), form a stockwork in the center of the phyllic alteration zone, overprinting the 
granodiorite host rock. The outer rim of the phyllic zone is bounded by the white argillic 
alteration zone, the green propylitic alteration zone, and the unaltered dacite in the east, south 
and west, respectively. This central alteration zone covers approximately 4 km2 of the Seridune 
area, including highly altered-mineralized outcrops.  
 
The “transitional” argillic hydrothermal alteration zone is developed between the phyllic and 
propylitic alteration zone in the east of Seridune prospect. The appearance of the rock is white 
due to the presence of clay minerals (kln, ill, dkt, smc). The argillic alteration is delineated by the 
formation of abundant clay minerals and a shell of iron-oxidized minerals. The “late” advanced 
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argillic zone forms many vein-shaped areas in the map (Figure 6.1). This alteration zone forms 
halos around quartz veins trending N-S. The abundance of veins increases from west to the east 
of the prospect. They are a silicic zone of layered quartz and botryoidal chalcedony within a fine 
and dark-gray advanced argillic mineral assemblage.  
 
 
Figure 6.1 Hydrothermal alteration map of the Seridune copper prospect.  
 
The supergene alteration zone is located in the phyllic alteration zone and characterized by 
abundant Fe-oxide minerals. Supergene alteration is profoundly important in the evolution of 
economic porphyry copper deposits (White, 1996; Evans, 1993).  
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6.2 Early hydrothermal alteration 
The early hydrothermal alteration consists of possible central subsurface potassic and peripheral 
propylitic alteration zones overprinting the granodiorite host and andesite wall rocks. The 
potassic alteration zone in porphyry copper deposits is related to the emplacement of magmatic 
plutons, which were affected by the hydrothermal fluid and commonly coincide with the ore 
(White, 1996). In the Bajo De La Alumbrera porphyry copper deposit, the propylitic alteration 
does not overprint the potassic mineral assemblage and may therefore have formed more or less 
simultaneously with the potassic alteration zone (Ulrich et al., 1999). Other studies of porphyry 
copper systems around the world indicated that, the phyllic alteration occurs after the potassic 
and propylitic hydrothermal alteration events in altered host rocks (Titley, 1982). 
 
6.2.1 Granodiorite porphyry 
6.2.1.1 Chlorite-epidote (propylitic) alteration 
The granodiorite host rock is overprinted by the chlorite-epidote alteration, which is located 
between the argillic alteration zone and the unaltered andesitic wall rocks. The propylitic 
alteration is characterized by a pervasive magnesium and calcium metasomatism on the basis of 
the chlorite and epidote stability in the propylitic hydrothermal system. 
 
6.2.1.1.1 Petrography 
Chlorite is ubiquitous in the propylitic alteration zone and replaces hornblende and biotite of the 
host granodiorite porphyry. The chlorite forms fine-grained aggregates in the veins/veinlets and 
along cleavage planes of hornblende and biotite. The chlorite is weakly pleochroic, from pale 
green to green, and locally has anomalous extinction colors, ranging from brown to deep blue. 
Leucoxene, and, less commonly, smectite are associated with chlorite replacing hornblende 
(Figure 6.2A). The modal abundance of chlorite decreases toward the wall rocks in the propylitic 
alteration zone. Weakly pleochroic, greenish-yellow epidote replaces plagioclase 
(oligoclase-albite) along fracture and cleavage planes mainly in the calcic core of the zoned 
crystals (Figure 6.2B). The subhedral to anhedral hydrothermal apatite (up to 0.75 mm in size) 
with concentric zoning occurs within the matrix of the altered host rocks. 
In the propylitic alteration zone, the mafic minerals are generally replaced by chlorite±calcite. 
Plagioclase is altered to epidote + albite ± sericite ± calcite. The fine-grained secondary 
magnetite occurs, locally, as clusters adjacent to primary magnetite. Wedge-shaped sphene 
typically occurs in the groundmass. The rare sulphide minerals consist of fine-grained pyrite and 
chalcopyrite with minor sphalerite and galena. They were observed within the matrix and in 
magnetite phenocrysts of the altered rocks. The quartz-chlorite veins/veinlets commonly show a 
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discontinuous pattern with sharp wall rock contacts, and were formed by open-space filling. In 
general, epidote and calcite are rarely observed together through propylitic alteration zone.  
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Figure 6.2 Representative photomicrographs of the (chlorite-epidote) altered granodiorite porphyry: (A) 
Chlorite together with an aggregate of calcite, replacing hornblende. (B) Epidote replaces the core of the 
Ca-plagioclase mainly in the distal part of the altered zone. 
 
6.2.1.1.2 Mineral chemistry 
Electronmicroprobe analyses of chlorite indicates a clinochlore composition with Mg/(Fe + Mg) 
ratios of 0.68 similar to the magnesium-rich hornblende minerals (0.67) as outlined in chapter 4 
(Figure 6.3A). Epidote minerals contain 10 to 41 mole% pistacite composition, corresponding 
with 0.11-0.46 mole% clinozoisite component (XCzo; Appendix 12.5; Table 12.16). The XFe+3 
varies from 0.32 to 0.97. The composition of zoned plagioclase adjacent to hornblende varies 
from An50 to An5 (Figure 6.3B). The secondary magnetite that occurs within relict hornblende 
contains 84.8-89.6 mole% FeO (Appendix 12.5; 12.20).  
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Figure 6.3 (A) Chlorite has a magnesian composition and plots in the clinochlore field (Strunz et al., 2001). 
(B) Compositional variation of zoned plagioclase in the propylitic alteration zone. 
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6.2.1.1.3 Whole-rock geochemistry  
The SiO2 contents (n = 30) vary from 57.0 to 67.8 wt.% and are slightly higher than those in the 
least altered samples. The amounts of TiO2 and P2O5 are relatively consistent with an average of 
0.45 wt.% and 0.19 wt.%, respectively. The concentrations of CaO (2.9 wt.%) is lower and Na2O 
(4.4 wt.%) is slightly higher relative to the precursor rock (4.3 and 4.8 wt.%, respectively). The 
depletion of calcium and addition of sodium is explained by the destruction of Ca-feldspar and 
the formation of albite. The average contents of the transitional elements (i.e., Cr, Co, Ni, V, Pb 
and Zn) are considerably enriched relative to the least altered rock.  
The trace element concentrations compared to N-MORB (Sun and McDonough,1989) display a 
major depletion in Nb and a strong enrichment in K, Rb, and Ba (Figure 6.4A). The LILE values 
are slightly increased in the distal portion relative to the proximal part of the propylitic alteration 
zone. The chondrite-normalized LREE values (La 94.0-105.4) are significantly enriched with 
respect to HREE (Yb 2.9-5.9). Generally, the REE pattern does not show a significant variance 
in the analyzed samples. A slight addition of MREE (Sm and Eu) and HREE (Gd-Lu) is 
observed in the distal zone of the propylitic alteration zone. The LREE have a strongly inclined 
pattern, which is defined by the LaN/SmN = 4.4-5.4, whereas the HREE are slightly inclined 
(GdN/YbN = 2.4-4.3) with a negative Eu anomaly (Eu/Eu* = 0.83; Figure 6.4B). 
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Figure 6.4 (A) N-Type MORB-normalized spider diagram, and (B) REE-chondrite (C1) normalized patterns 
.2.2 Volcanic andesite 
ropylitic) alteration  
desite wall rocks is characterized by a chlorite-epidote 
(propylitic) alteration zone, which is apparent by abundant clusters of epidote. 
for the (chlorite-epidote) altered granodiorite rocks. 
 
6
6.2.2.1 Chlorite-epidote (p
The early hydrothermal alteration in the an
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6.2.2.1.1 Petrography 
The green chlorite-epidote alteration is only weakly developed in the andesite wall rocks. The 
s are characterized by the presence of relict medium-grained (commonly < 
2 contents in the range of 51.2-63.7 wt.% as well as 
.7-20.2 wt.% and 4.2-6.5 wt.%, respectively. The total amount 
he transitional hydrothermal alteration includes the feldspar-destructive alteration of the phyllic 
ting the granodiorite porphyry. These feldspar-
altered andesite rock
0.4 mm) plagioclase, hornblende as well as chlorite and epidote. The aggregates and single 
grains of fine-grained epidote partially replace plagioclase (< 20% plagioclase replacement). 
Abundant zoned epidote is also found in veins and as pistachio-green grains within the matrix of 
the andesite. Chlorite is weakly pleochroic, from pale green to green, is ubiquitous in this zone, 
and replaces hornblende locally. The subhedral to anhedral plagioclase grains are, locally, 
replaced by Na-plagioclase at their rims. Minor sericite and clay minerals are observed in 
fractures within plagioclase. The matrix consists of gray laths of plagioclase and green chlorite 
and epidote grains. The XRD analyses indicate that the mineral assemblage of the altered rocks 
are mainly made up of chlorite, epidote, and minor phyllosilicates. In general, this alteration 
zone is characterized by quartz + epidote ± chlorite ± calcite and irregular epidote veins/veinlets. 
In places, hematite appears to coexist with pyrite and magnetite. 
 
6.2.2.1.2 Whole-rock geochemistry 
The altered andesite rocks (n = 6) have SiO
Al2O3 and Fe2O3 varying from 12
of SiO2 and Al2O3 increases relative to the least altered andesite rocks, which reflects the 
variable abundance of quartz-phyllosilicate veins/veinlets within the rocks. The TiO2 content 
(~0.59 wt.% ) decreases relative to the least altered andesite rocks, due to the destruction of 
mafic minerals (e.g., hornblende and biotite). The K2O content is also relatively high, with an 
average of 3.7 wt.%, which is represented by the presence of K-bearing minerals. The amount of 
CaO and Na2O is moderate with values of 5.7 and 3.6 wt.%, respectively, which reflect the 
abundance of Ca-bearing minerals, e.g. epidote, calcite, and Na-plagioclase. The trace element 
analyses are characterized by low transition element (< 24 ppm Co, < 117 ppm Cr, < 103 ppm 
Cu, < 164 ppm Zn), high LILE (e.g. 63-1622 ppm Ba, 11-251 ppm Rb and 137-533 ppm Sr), and 
low HFSE contents (Appendix 12.7; Table 12.28). The N-Type MORB-normalized trace 
element plots show strongly enriched LILE, particularly of Rb, Ba, K, and Ce (Figure 6.5).  
 
6.3 Transitional hydrothermal alteration  
T
and the argillic alteration zones, overprin
destructive zones are pervasive alteration types, exposed throughout the Seridune prospect. The 
phyllic alteration zone probably extends downward below the surface. The most intense 
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feldspar-destructive alteration occurs in the quartz stockwork zones associated with iron-oxide 
minerals. The argillic alteration is a partial feldspar-destruction zone, exposed around the phyllic 
alteration zone, and has a shell of oxidized minerals. 
 
 
Figure 6.5 N-Type 
MORB-normalized spider 
diagram for the propylitic 
hydrothermal alteration 
zone in the andesite wall 
rock.  
 
 
 
6.3.1 Granodiorite porphyry 
.3.1.1 Quartz-sericite (Phyllic) alteration  
ite alteration zone possibly overprints the K-silicate alteration in 
important structural hosts for mineralization in the phyllic 
ration zone mainly consists of sericite, dispersed quartz, and quartz veins. They 
 minor chlorite, rare pyrite and chalcopyrite, copper carbonates, and 
 
 
 
 
 
 
 
 
 
 Sr K Rb Ba Th Ta Nb Ce P Zr Hf Sm Ti Y Yb
0.01
0.1
1
10
100
S
am
pl
es
/N
-
1000
Ty
pe
 M
O
R
B
6
The gray-white quartz-seric
subsurface. The stockwork zones are 
alteration zone. Generally, this alteration zone is present in productive porphyry copper deposits 
around the world, which are hosted by intermediate rock types (e.g., Sarcheshmeh, 
Chuquicamata, references). The phyllic zone is transected by a swarm of steep, advanced argillic 
veins with a N-S trend. 
 
6.3.1.1.1 Petrography 
The phyllic alte
are associated with
iron-oxide minerals. In the alteration zone, the plagioclase phenocrysts are replaced by sericite. 
The K-feldspar is more resistant to sericitization. In addition, some sericite minerals formed in 
the network of cracks in plagioclase phenocrysts, however, the polysynthetic twinning and 
zoning are still visible. The lath-shaped feldspar, biotite, and, locally chlorite are replaced by 
sericite. Moreover, the sericite replaced almost all rock silicates and even large quartz 
phenocrysts show embayments filled by sericite (Figure 6.6B). Quartz in the matrix is mainly 
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he sulphides are dissiminated within the matrix and form in oval grains in micron-scale, 
 
igure 6.6 (A) Photomicrograph of the quartz-sericite alteration zone with the stockwork system. The veinlets 
re filled by copper carbonates (mal, az) and iron oxide minerals (gt). (B) Photomicrograph of the 
es of the sericite show a compositional variation. The term “sericite” 
secondary and formed during the breakdown of K-feldspar to muscovite and quartz. In general, 
the matrix is altered to a uniform pale-gray mixture of mica, quartz, and clay minerals (kln, ill). 
Three relatively small zones (max. 0.25 km2) of quartz stockwork are surrounded by the phylli
zone. These quartz stockwork zones are mainly composed of quartz and fine-grained minerals, 
including sericite, rarely illite and pyrophyllite. The Cu-carbonates and supergene minerals such 
as jarosite and goethite are present within the veins (Figure 6.6A).  
 
T
comprising pyrite±chalcopyrite with traces of bornite and digenite. The “A” veins with 
quartz-sericite alteration halos and the “B” veins with copper and iron-oxides are observed in the 
quartz stockwork zone. The abundance of clay minerals increases, whereas the copper minerals 
as well as the destruction of feldspars decreases from proximal (quartz stockwork zones) towards 
the distal parts of the phyllic alteration zone. The phyllic alteration at the Seridune is 
characterized by the replacement of phenocrysts and groundmass, which formed by a 
hydrothermal fluid mainly focused through micro-fractures.  
 
F
a
quartz-sericite alteration zone showing feldspar phenocrysts altered to sericite, and the matrix altered to clay 
minerals (kln, ill) and sericite. 
 
.3.1.1.2 Mineral chemistry 6
Electronmicroprobe analys
is used for the fine-grained mica solid solutions, including muscovite, paragonite, and 
pyrophyllite end-members (Bird and Norton, 1981; Parry et al., 1984). The activity of muscovite 
and mole fraction of potassium increase from distal (aMs = 0.41 and XK = 0.77) to the proximal 
parts (quartz stockwork; aMs = 0.60 and XK = 0.86) of the phyllic zone (Figure 6.7A, B). The 
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magnesium mole fraction of sericite increases from the proximal (stockwork zone, XMg = 0.07) to 
the distal parts of the phyllic zone (XMg = 0.16; Appendix 12.5; Table 12.18). The composition of 
mica in the central quartz stockwork zone is muscovite whilst toward the distal part of the 
phyllic zone it changes to pyrophyllite. Chalcopyrite contains a uniform content of Fe, Cu and S 
(24.3, 25.5 and 50.1 at.%, respectively). Pyrite consists of 33.1 at.% Fe and 66.9 at.% S. The 
electronmicroprobe data of the analyzed minerals are presented in Appendix 12.5; Table 12.22). 
 
 
ure 6.7 (A) Backscatter image of K-feldspar replaced by 
ericite composition including the muscovite, the pyrophyllite, and the paragonite end members (Bird and 
orton, 1981; Parry et al., 1984). 
 (n = 20) have a moderate SiO2 content varying from 63.7 to 76.5 
ents for all samples vary from 13.0-19.4 wt.% and 0.34-0.72 
uartz 
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6.3.1.1.3 Whole-rock geochemistry 
he phyllic alteration samplesT
wt.%. The Al2O3 and TiO2 cont
wt.%, respectively. The ferromagnesian oxides have moderate contents (0.38-4.21 wt.% for 
Fe2O3 and 0.25-1.27 wt.% for MgO). The alkali (K2O and Na2O) concentration varies from 
2.12-5.26 and 0.14-4.59 wt.%, respectively. The sodium is relatively high, reflecting the 
recrystallization of plagioclase at rims and groundmass to albitic composition. The transition 
metals (e.g., 20-159 ppm Cr, 3.7-109 ppm Co, 31-100 ppm V, 5-10 ppm Ni) are considerably 
low and mostly below the detection limit. The copper content is < 80000 ppm, which is 
consistent with the presence of copper carbonate minerals in the quartz stockwork veins in the 
phyllic alteration zone (Appendix 12.7; Table 12.28). The LILE have high amounts of Sr, Rb, 
and Ba (up to 604 ppm) in the phyllic alteration zone, while, the sample SH38 contains up to 
1900 ppm Ba in the distal part of the phyllic alteration zone (Appendix 12.7; Table 12.28). 
The concentrations of HFSE (Hf, Sm, Th, Y, and Zr) decrease from the central part to the distal 
part of the phyllic alteration (Figure 6.8A). The LREE and MREE in the central q
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stockwork zone show low concentrations relative to the distal part of the phyllic alteration zone. 
The HFSE exhibits a moderate to strong depletion in the distal part, but Ce, Zr, and Hf are 
slightly enriched. The chondrite (C1) normalized pattern shows that the REE are strongly 
uniform in the central part of phyllic zone, with a LaN/LuN ratio of 12.9. The distal part of phyllic 
zone displays a more inclined pattern with the LaN/LuN ratio of 24.5, except for Pr, which shows 
a strongly positive anomaly (Figure 6.8B). The LREE has a moderately inclined pattern, which is 
illustrated by the LaN/SmN ratio of 7.2. The HREE is gently inclined with the ratio of GdN/YbN = 
3.3, and minor negative anomaly for Dy and Er with Eu/Eu* = 0.87. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 (A) N-Type MORB-normalized spider diagr
1) normalized patterns for the phyllic a transitional feldspar-destructive alteration zone. 
.3.1.2 Quartz-clay (argillic) alteration 
lteration zones overprinting the granodiorite host rocks in the eastern part of the Seridune 
c alteration zone is characterized by the nearly complete destruction of preexisting 
afic minerals (i.e. hornblende and biotite). Abundant feldspar is completely to moderately 
dium-grained, white mica. The destruction of feldspar to sericite, illite, and 
 
 
am for the phyllic alteration zone. (B) REE-chondrite 
(C
 
6
The white-gray argillic alteration zone is developed mainly between the phyllic and propylitic 
a
prospect.  
 
6.3.1.2.1 Petrography 
The argilli
m
altered to fine- to me
clay minerals (kln, dkt, smc) is observed around the pyrite shell, which is oxidized to goethite 
and limonite. The XRD analysis of glycolated samples indicate that the altered rocks contain 
kaolinite, montmorillonite, dickite, smectite, illite, and chlorite. The quartz phenocrysts are 
embayed and replaced by sericite or clay minerals. The pyrite shell consists of pyrite and 
Sr K Rb Ba Th Ta Nb Ce P Zr Hf Sm Ti Y Yb
0.01
0.1
1
10
100
S
am
pl
es
 / 
N
-T
yp
e 
M
O
1000
(A) Proximal (stockwork)
Distal
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.1
1
10
100
S
am
pl
es
 / 
C
ho
nd
1000
rit
e 
(C
1)
Proximal (stockwork)
Distal
(B)
R
B
ALTERATION MINERALOGY AND ZONATION 46
Figure 6.9 Compositional 
variation of feldspar in the 
proximal and the distal parts of 
the argillic alteration zone. 
 feldspar and sericite) in the argillic-altered rocks 
lyzed by EMPA. The composition of feldspar is An5 in the proximal part of the argillic 
n the distal part the feldspar composition varies from An35 to An25 
 
6.3.1.2.3 Whole-rock geochemistry 
The silica contents of the argillic rocks (n = 10) are moderate to high, ranging from 63.2 to 71.1 
t.%, which is more than the SiO2 content in the least altered rocks. The strong depletion of CaO 
altered rock reflects the destruction of calcic plagioclase. The 
chalcopyrite with abundant goethite, jarocite, and specular hematite, which typically replace the 
magnetite. Several magnetite minerals are completely replaced by pyrite. Sphalerite and galena 
occur as trace minerals in this alteration zone.  
 
6.3.1.2.2 Mineral chemistry 
The composition of solid solution minerals (i.e.,
were ana
alteration zone, whereas i
(Figure 6.9). The mole fraction of XK in feldspar also varies from 0.35 in the proximal to 0.14 in 
the distal part of the argillic alteration zone. The chlorite has a magnesian composition 
(clinochlore) with a variable XMg/Fe2+ + Mg ratio (0.63-0.96). The XFe2+ of chlorite increases around 
the pyrite shell. The pyrite is composed of 33.1 at.% Fe, 66.7 at.% S, and a small amount of Cu 
(0.4 wt.%). The electron microprobe data of the analyzed minerals are presented in Appendix 
12.5; Tables 12.15 and 12.22. 
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(0.68 wt.%) relative to the least 
K2O content is higher relative to the least altered rock, explained by sericite and illite in the 
alteration assemblage. The Na2O content is increased, due to the formation of albite and/or clay 
minerals (e.g., montmorillonite and smectite). The iron oxide content is considerably high (< 8.4 
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wt.% Fe2O3) but the MgO content is relatively low (< 1.4 wt.% MgO), which reflects the 
destruction of the mafic minerals (biotite and hornblende). The TiO2 is approximately 0.5 wt.%, 
whereas the Al2O3 varies from 15.1 to18.4 wt.% related to the abundance of clay minerals. The 
base metals are slightly enriched (< 593 ppm Pb, and < 397 ppm Zn) in the distal part of the 
argillic alteration zone around the pyrite shell. 
The LILE show a high concentration for Rb (up to 199 ppm) in the argillic alteration zone 
(Figure 6.10A). The REE shows lower concentrations in the proximal part relative to the distal 
part of the argillic alteration zone. Generally, the REE have a strongly inclined pattern with a 
 
 
igure 6.10 (A) N-Type MORB-normalized spider diagram for the argillic alteration zone. (B) 
REE-chondrite (C1) normalized patterns for the argillic alteration zone.  
.4 Late hydrothermal alteration 
ansitional phyllic hydrothermal mineral assemblage throughout the Seridune prospect. This late 
the advanced argillic mineral assemblage and many silicic 
rophyllite (advanced argillic) alteration  
 advanced argillic hydrothermal alteration crosscut the phyllic mineral 
eridune prospect.  
LaN/LuN ratio of 19.3 and LaN/SmN = 6. Pr and Nd are slightly enriched in the proximal part 
(Figure 6.10B).  
 
 
 
 
 
 
 
 
 
 
F
 
6
The late hydrothermal alteration is a feldspar-destructive alteration, which overprinted the 
tr
hydrothermal alteration comprises 
veins with a northerly trend. These veins appear to have formed slightly later than the advanced 
argillic selvages.  
 
6.4.1 Granodiorite porphyry 
6.4.1.1 Quartz-alunite-py
The white-gray veins of
assemblage throughout the S
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6.4.1.1.1 Petrography 
The advanced argillic alteration at the Seridune prospect is characterized by the nearly complete 
destruction of mafic minerals and feldspar. The preexisting plagioclase and sericite in the phyllic 
mpletely replaced by pyrophyllite, alunite, and diaspore (Figure 6.11). The 
 
 
es SH68 and SH65) variable amounts of K2O (4.1-7.4 
t.%), Al2O3 (36.2-37.5 wt.%), SO4 (43.4-44.9 wt.%) and Na2  (1.9-3.7), which is consistent 
from Western Anatolia, Turkey (Mutlu et al., 2005). The composition 
 55.4 to 82.8 wt.% 
nd 7.8 to 20.8 wt.%, respectively. The K2O concentration (~1.60 wt.%) corresponds to the 
 in the advanced argillic alteration zone. TiO2, MgO, and CaO 
Fi
alteration zone are co
alunite shows a variety of colors, such as whitish-gray, pale-olive, pale to dark yellow and 
reddish brown. They comprise disseminated alunite with oscillatory zoning and alunite in quartz 
veins. The matrix of the advanced argillic alteration zone consists of fine-grained alunite and 
clay minerals. In addition, the bladed barite, up to 2 cm in length, fills open cavities. Magnetite is 
completely destroyed and replaced by hematite and limonite.  
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gure 6.11 Photomicrograph 
of the advanced argillic 
alteration paragenesis. The 
feldspar and sericite minerals 
are replaced by alunite a 
dominant mineral in this 
alteration zone. 
 
 
 
 
 
 
6.4.1.1.2 Mineral chemistry 
The hydrothermal alunite comprise (sampl
w O
with alunite composition, 
of the hydrothermal pyrophyllite (samples SH57 and SH68) is characterized by variable amounts 
of SiO2 (64.3-67.9 wt.%) and Al2O3 (28.2-30.0 wt.%). The total alkali content (Na2O + K2O) of 
the pyrophyllite is considerably low (< 1 wt.%). The sericite solid solution indicates a high 
pyrophyllite activity (aPrl = 0.84) in this alteration zone. The electron microprobe data of the 
analyzed minerals are presented in Appendix 12.5; Table 12.18, 12.19.  
 
6.4.1.1.3 Whole-rock geochemistry 
Silica and aluminium of the altered rocks (n = 20) show variable contents from
a
abundance of alunite and sericite
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are generally very low and do not exceed 1 wt.%. The strong depletion of these elements may 
reflect a complete destruction of ferromagnesian silicates and feldspar. They are replaced by 
hydrated-aluminosilicate minerals in the advanced argillic zone. In contrast, the total iron 
(Fe2O3) content varies between 0.13 and 7.6 wt.%, expressing the abundance of iron oxide and 
pyrite minerals. The transition elements (37.4 ppm Cr, 143 ppm Co and 86 ppm V) are present in 
moderate amounts, whereas Ni, Sc, and Pb are below the detection limit in all samples. The 
N-Type MORB normalized spider diagram exhibits a strong depletion for the LILE, particularly 
K and Rb (Figure 6.12A), due to the hydrolysis in this alteration zone. The concentration of the 
HFSE (2.1-6.7 ppm Hf, 2.4-3.4 ppm Sm and up to 7 ppm Nb) are less than 7 ppm. The chondrite 
(C1) normalized pattern shows that the LREE are strongly inclined, which is defined by high 
ratios of LaN/SmN = 7.5. The REE patterns are characterized by the depletion of Tb and Dy, 
whereas Er, Tm and Yb indicate slight enriched (Figure 6.12B). 
 
 
 
 
Figure 6.12 (A) N-Type MORB-normalized spider diagram shows a depletion in concentration of K and Rb 
for the late advanced argillic alteration zone. (B) REE-chondrite (C1) normalized patterns for the late 
advanced argillic alteration zone. 
.4.1.2 Quartz±pyrophyllite (silicic) alteration 
ic alteration is accompanied by the quartz veins within the advanced argillic alteration 
e centerline of the banded veins is filled by clay minerals. Minor 
mounts of K-feldspar occur along the quartz veins in the selvages. Some light-gray layers of 
ny are observed within the advanced argillic mineral assemblage. 
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The silic
zone in the Seridune prospect.  
 
6.4.1.2.1 Petrography 
The silicic veins commonly contain medium-to coarse-grained prismatic-comb quartz, with 
cockade and banded textures. Th
a
botryoidal chalcedo
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Furthermore, fine-grained pyrite, chalcopyrite, and bornite are observed typically around the 
quartz “D” veins. 
 
6.4.1.2.2 Whole-rock geochemistry 
The quartz±pyrophyllite samples of the silicic alteration zone (n = 10) have high SiO2 contents, 
varying from 83.8-93.7 wt.%. The Al2O3 contents for all samples vary from 2.07-6.33 wt.%. The 
2O and Na2O concentrations are relatively low due to the intense hydrolysis of K-feldspar in 
10-22 ppm Cr, 0.8-23 ppm Co, 15 ppm Ni) are very scare and 
 inclined patterns relative to 
e HREE. Commonly, the chondrite (C1) normalized pattern shows that the LREE are strongly 
 
 
(A) N-Type MORB-normalized spider dia  
REE-chondrite (C1) normalized patterns for the late 
 
 
K
the veins. The transition metals (
mostly below the detection limit. The copper content ranges from 44.60-1007 ppm, which is 
consistent with the presence of copper sulphides (chalcopyrite and bornite) in quartz veins. The 
gold concentration is very low (< 0.11 ppm). The maximum assay values for Ag and As are 7.20 
and 452 ppm, respectively. Other elements, such as Mo, Sn, Hg, and Ge are below the detection 
limit except Sb, which is close to the detection limit (4-40 ppm Sb).  
 
The LILE show low amounts of K, Ba and Rb (< 1.4 ppm; Figure 6.13A). The concentrations of 
HFSE (Hf, Sm, Th, Y, and Zr) decrease uniformly in the silicic alteration zone but P and Ce 
exhibit a moderate enrichment. The LREE and MREE show strongly
th
inclined, with a LaN/SmN ratio of 9.4, whilst the HREE have a nonuniform pattern with a 
negative Eu anomaly (Eu/Eu* = 0.97; Figure 6.13B). 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 6.13 gram for the late silicic alteration zone. (B)
silicic alteration zone. 
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6.5 Supergene alteration  
upergene alteration is profoundly important in the evolution of economic porphyry copper 
 of the host rock, and the 
hysicochemical parameters of the meteoric fluid (Guilbert and Park, 1999). The dry climate in 
groundwater tables and high oxidation potentials. In addition, the 
  (6.2) 
(OH)2]. The sulfuric acid 
a  widespread aluminosilicates (e.g. 
ricite) to form yellowish jarosite [KFe3(SO4)2(OH)6], natrojarosite [(Na,K)Fe3(SO4)2(OH)6] 
 
l parameters (e.g., range, mean, and 
edian) are calculated for Cu, Mo, Pb, and Zn (Table 6.1). The patterns of metal zoning result 
etals, which are illustrated by the values of contour lines in Figure 
6.14. 
S
deposits (Bouzari, 2002). The leached zone, as the product of the supergene alteration, is mainly 
ontrolled by climate factors, fracture density, pyrite contentc
p
Seridune accounts for low 
presence of abundant fractures and high pyrite content, particularly in the phyllic alteration zone, 
are important factors to enhance chemical weathering at the Seridune prospect. The oxidation of 
pyrite provides iron oxides and sulphuric acid, which control the intensity of leaching. 
Development of a thick-oxidized leached capping within the phyllic zone at the Seridune 
prospect indicate the presence of high content of sulfur minerals. The thickness of the leached 
zone increases from the western to the central part of the prospect (quartz stockwork zones) and 
decreases toward the east where the volcanic wall rocks crop out. The leached zone is 
characterized by iron-oxide and copper carbonates (malachite and azurite).  
Reactions 6.1 and 6.2 indicate that the oxidation of pyrite and chalcopyrite produces insoluble 
iron hydroxides (limonite), cupric sulfate, sulfuric and carbonate acid. 
 
2FeS2 + 7.5O2 + 8H2O + CO2 → 2Fe(OH)3 + 4H2SO4 + H2CO3    (6.1) 
 
2CuFeS2 + 8.5O2 + 6H2O + CO2 → 2Fe(OH)3 + 2CuSO4 + 2H2SO4 + H2CO3 
 
The cupriferous solution from reaction 6.2, reacts with CO2 to form hydrous copper carbonates 
such as green malachite [Cu2(CO3)(OH)2] and blue azurite [Cu3(CO3)2
gener ted by both equations reacts with abundant iron and
se
and minor chrysocolla [CuSiO3-nH2O]. The chrysocolla veins developed around the quartz
stockwork zone at an elevation of 2760 m.a.s.l. The limonite with various colors is associated 
with abundant goethite throughout the Seridune prospect.  
 
6.6 Metal zoning patterns 
This section indicates the distribution of metals, such as Cu, Pb, Zn, and Mo, with respect to the 
alteration styles. The distribution of metals is compiled from a total of 100 rock samples 
collected throughout the Seridune prospect. The statistica
m
from the concentrations of m
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Table 6.1 Values for trace element and metal concentrations in  
rock samples from the Seridune prospect. 
 
 
 
 
 
Element Cu (ppm) Mo (ppm) Pb (ppm) Zn (ppm) 
 
 
Figure 6.14 The anomaly distribution of Cu > 0.1%, Mo > 30 ppm, Pb > 400, and Zn > 400 are shown on a 
metal zoning map in the Seridune prospect. This map is consistent with figure 3.1, the simplified geology map 
and figure 6.1, the distribution of the early to late hydrothermal alteration zones.  
Rang 1000-81000  2-98  11-2024  4-1348  
Mean 1681  26.8  160  104  
Median 66.5 20.85  66.50  60.20  
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The Cu and Mo show a concentric zoning over the two main quartz stockwork zones. The 
strongest anomaly of Cu (> 1000 ppm) occurs within the quartz stockwork zones associating 
with the quartz-sericite alteration zone. The copper anomaly extends toward the pyrite shell 
where the Cu content in the host rocks is more than 400 ppm. The high copper concentrations in 
rocks correspond to the abundance of malachite, azurite, chrysocolla, and traces of chalcopyrite 
and bornite in veins. These veins mainly occur in two stockwork zones (300m*400m and 
250m*100m). Furthermore, the anomalous Cu in the eastern part of the prospect corresponds to 
the occurrence of “D” veins in the advanced argillic alteration zone. The Mo shows an anomaly 
of > 30 ppm within the quartz stockwork zone, although some of the samples are below detection 
limit for Mo. The Zn and Pb anomalies (> 400 ppm) overlay the argillic and locally the 
chlorite-epidote alteration zones around the iron-oxidized-pyrite shell. 
 
Silver and gold are characterized by very low concentrations (< 9 ppm Ag and < 0.1ppm Au), 
mostly below the detection limit in the silicic veins within the advanced argillic alteration zone. 
Metals (e.g., Cu and Mo) deposited by the early-transitional and the late hydrothermal process, 
were remobilized by leaching, transported towards the shallow groundwater table, and formed an 
enriched zone. The pattern of metal zoning in the Seridune prospect is inferred to be controlled 
by hydrothermal and supergene alteration processes.  
 
6.7 Summary 
The hydrothermal alteration and copper mineralization occur within a porphyry system that is 
centered around a causative intrusion at the Seridune prospect. The hydrothermal alteration types 
are well exposed in the Seridune prospect and are characterized by five main concentric 
shell-shaped alteration zones, including the chlorite-epidote (propylitic), the quartz-sericite 
hyllic), the quartz-clay (argillic), the quartz-alunite-pyrophyllite (advanced argillic), and the (p
quartz±pyrophyllite (silicic) alteration zones. The zones overlap to some extent. The 
hydrothermal alteration pattern in Seridune is similar to the alteration zoning of the 
Lowell-Guilbert model (1970). The mineral assemblage, the degree of hydrothermal alteration 
(intensity of the destruction of preexisting minerals and the formation of new minerals), and the 
bulk geochemistry of the altered rocks are used to classify the alteration zones. Furthermore the 
overprinting stages of the alteration assemblages within the Seridune prospect are demonstrated 
by the contact relationships of the alteration zones, the degree of hydrothermal alteration, the 
vein material and the selvages of veins.  
The hydrothermal “early” propylitic alteration overprints the granodiorite porphyry and the 
andesite wall rocks. Chlorite is stable in the proximal part of the propylitic alteration zone in the 
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granodiorite host rocks, whilst epidote is abundantly observed in the andesite wall rocks. Epidote 
and calcite are rarely observed occurring together. This may represent a mineral assemblage 
zonation in this alteration zone as described in other porphyry copper deposits by Ballantyne 
981) and Norman (1991). Electron microprobe analyses of chlorites indicate a clinochlore 
K, Rb, and Ba. The REE pattern does not 
ow a significant variance in the analyzed samples. 
al” alteration in the Seridune prospect includes the feldspar-destructive alteration 
E in the central quartz stockwork zone show low 
(1
composition with a Mg/(Fe + Mg) ratio of 0.68 similar to the magnesium-rich hornblende (0.67). 
Epidote is of pistacite composition (10 to 41 mole%). The composition of zoned plagioclase, 
adjacent to hornblende, varies from An30 to An5. The bulk rock geochemistry shows that the 
depletion of calcium and addition of sodium are consistent with the destruction of Ca-feldspar to 
form albite. The trace element concentrations compared to N-MORB of Sun and McDonough 
(1989), display a depletion of Nb and enrichments in 
sh
The “transition
and those of the phyllic and the argillic alteration zones. The hydrothermal phyllic alteration 
occurs in the center of the Seridune prospect. This hydrothermal alteration is characterized by 
pervasive potassium metasomatism. The stockwork zones are important structural hosts for 
mineralization. The phyllic alteration mainly consists of sericite and quartz. 
The Cu-carbonates and oxidation zone minerals such as jarosite and goethite are present within 
the veins of the quartz stockwork zones. The “A” veins with quartz-sericite haloes and the “B” 
veins with copper and iron-oxide centerlines are observed in the quartz stockwork zone. The 
activity of muscovite and mole fraction of potassium increase from the distal (aMs = 0.41 and XK 
= 0.77) to the proximal ( aMs = 0.60 and XK = 0.86) parts of the phyllic alteration zone. The 
composition of sericite in the central quartz stockwork zone is muscovite whilst toward the distal 
part of the phyllic alteration zone it changes to pyrophyllite. The high K2O (< 5.26 wt.%) 
concentration reflects the abundance of K-bearing minerals (i.e., sericite and K-feldspar) in this 
alteration zone. The LREE and MRE
concentrations relative to the distal part of the phyllic alteration zone. The chondrite (C1) 
normalized pattern show that the REE follow a uniformly inclined pattern, with a LaN/LuN ratio 
of 12.9. 
The white-gray argillic alteration zone is developed mainly between the phyllic and the 
propylitic alteration zones, overprinting the granodiorite host rocks in the east of the Seridune 
prospect. This alteration zone is dominated by quartz-clays±chlorite. This alteration zone extends 
toward the pyrite shell, which consists of pyrite, rarely chalcopyrite, and specular hematite 
commonly replaced the magnetite. The composition of feldspar is albite in the proximal part of 
the argillic alteration zone, whereas in the distal zone it varies from andesine to oligoclase 
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(An35-25) around the pyrite shell. The mole fraction of XK in feldspar also varies from 0.35 in the 
proximal, to 0.14 in the distal part of the argillic alteration zone. The K2O content has a greater 
range relative to the least altered rocks, explained by sericite and illite as the dominant alteration 
19.3 and LaN/SmN = 
 
lysis in this alteration zone. The REE patterns are also typically characterized by the 
the majority of the quartz associated with the advanced argillic alteration zone is inferred to be 
minerals. The Na2O value is similar to K2O in rocks, due to the formation of albite and/or clay 
minerals (i.e., montmorillonite and smectite). The base metals are slightly enriched (< 593 ppm 
Pb, and < 397 ppm Zn) in the argillic alteration zone around the iron-oxidized shell. The REE 
shows lower concentrations in the proximal relative to the distal part of the argillic alteration 
zone. Generally, the REE have a uniform pattern with a LaN/LuN ratio of 
6.5, only Pr and Nd are slightly enriched in the proximal argillic alteration zone. 
 
The late hydrothermal alteration is a feldspar-destructive alteration overprinting the transitional 
phyllic alteration assemblage in the Seridune prospect. This late hydrothermal alteration
comprises the advanced argillic alteration zone and numerous silicic veins, which appear to have 
formed slightly later than the advanced argillic selvages. Gustafson and Hunt (1982) reported 
that the late advanced argillic hydrothermal alteration appears to encroach downward and 
overprinted the quartz-sericite altered rocks at El Salvador. The preexisting plagioclase and 
sericite in the phyllic alteration zone are completely replaced by pyrophyllite, alunite, and 
diaspore. The sericite solid solution has a high pyrophyllite activity (aPrl = 0.84) in this alteration 
zone. The spider diagram exhibits a strong depletion for the LILE, particularly K and Rb due to 
the hydro
depletion of Tb and Dy, whereas the Er, Tm, and Yb show a slight enrichment. The silicic veins 
commonly contain medium-to coarse-grained prismatic-comb quartz, with cockade banded and 
banded textures. The advanced argillic alteration zone of several porphyry copper deposits (e.g. 
Red Mountain, El Salvador, Indonesia) is characterized by quartz, alunite, and copper minerals 
(Deyell et al., 2005; Gustafson and Hunt, 1975). 
 
The presence of fractures and the high pyrite content in the phyllic alteration zone are important 
factors to enhance the phenomena of supergene alteration at the Seridune prospect. The sulfuric 
acid was generated by oxidation of sulphide minerals reacting with iron and aluminosilicates 
(e.g. sericite) to form yellowish jarosite, natrojarosite, and minor chrysocolla.  
The fine-grained pyrite, chalcopyrite, and bornite are observed typically around the quartz “D” 
veinlets. The silicic alteration zone has high SiO2 ranging from 83.8 to 93.7 wt.%. The maximum 
assay values for Ag and As are 7.20 and 452 ppm, respectively. The LILE display low 
concentrations of K, Ba, and Rb. The REE show a uniform pattern. Stoffregen (1987) noted that 
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residual quartz, due to the intense base-cations leaching. Saunders (1993) documents that the 
leaching of base metals occurs under acidic conditions by iron-sulphide oxidation. Table 6.2 
presents the main stages of hydrothermal alteration and the related mineral assemblages, which re
are developed in the Seridune prospect. 
 
Table 6.2 Hydrothermal alteration and mineralization sequences of the Seridune prospect. 
 
Early                         Transitional                              Late
Least altered                          (Feldspar destructive)                            (Feldspar destructive)
Chl-Ep (propylitic) Qtz-Ser (phyllic)
Qtz-Ab-Ser-Chl-Kln-Ill 
(argillic)
Qtz-Prl-Aln (advanced 
argillic) Qtz±Prl (silicic)
Hbl (X Mg 0.64-0.70)
Bt, Chl (X Mg 0 . 46 -
0 . 94 ), Cal, Ep, Mag,
Rt Ser±Chl Chl (X Mg 0.63-0.96), Ser, Ill
Bt (X Mg 0 . 54 - 0 . 66 ) Bt, Chl±Ser
Qtz, Aln (X Al 36-37) , Na-aln, 
Prl (X Mg 0.33-1), Ser (X Si 3.5-
5.4), Kln±Dkt Qtz, Prl
Pl (An 50-20)
Pl (An 45-10), Ep 
(X Ps 0 . 1 - 0 . 4 ), Cal Qtz, Ser (X K 0.71-0.96)
Pl (An 40-30), Ser, Ill, Mnt, 
Kln±Smc±Dkt
K-feldspar Ser Or, Ser Ser, Ill Or, Ser
Ti rich Mag (X Mag 0.81-
0.83)
Ti poor Mag (X Mag 
0.82-0.93) Hem, Gt, Lm, Ccl Hem, Gt, Lm, Ccl Hem, Gt, Lm, Jar Hem, Gt, Lm
Sulfides Dis Py, Ccp
Py (X Fe 32-34), Ccp (X Fe 22-
24), Gt, Jar, Mal, Az Py, Rarely Ccp Rarely Py, Ccp, Bn Rarely Py, Ccp, Bn
Veins and veinlets
Qtz+Chl, 
Qtz+Ep±Chl±Py 
veinlets
Qtz±Py, 
Qtz±Ccp±Bn±Cv±Or, 
Qtz+Mal+Az Py±Ccl Qtz+Aln±Hem±Gt Qtz±Py±Ccp±Bn
Primary rock texture Preserved Destroyed
Center porphyry system
Increasing in distance Increasing in distance  
 
Notes:  
-Quartz is ubiquitous. 
-Detailed compositional variations of the minerals and their mole fraction calculations are described in the text. 
Mineral abbreviations: Hbl-hornblende, Bt-biotite, Pl-plagioclase, Chl-chlorite, Ep-epidote, Cal-calcite, Ser-sericite, 
Prl-pyrophyllite, Ill-illite, Kln-kaolinite, Mnt-montmorillonite, Smc-smectite, Py-pyrite, Ccp-chalcopyrite, 
Bn-bornite, Cv-covellite, Mag-magnetite, Hem-hematite, Lm-limonite, Mal-malachite, Az-azurite, Ccl-chrysocolla, 
Aln-alunite. 
 
The metal zoning pattern displays a concentric zoning of metal anomalies centered around the 
porphyry, characterized by the central Cu, the proximal Mo and the distal Pb, Zn anomaly. The 
anomalies of Zn and Pb overlay the argillic and, locally, the chlorite-epidote alteration zones. 
The pattern of metal zoning in the Seridune prospect is inferred to be the result of hydrothermal 
and supergene alteration processes.  
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7 MASS BALANCE CALCULATIONS 
 
Several methods can be used to calculate the mass loss or gain in ore deposits. This includes the 
volume factor method of Gresens (1967), the isocon method of Grant (1986) and the immobile 
element method of MacLean and Kranidiotis (1987). In this study, the isocon method of Grant 
(1986) is applied to calculate the mass gain and loss of the altered granodiorite rocks.  
 
7.1 Methodology 
Grant (1986) developed the isocon diagram allowing the element and oxide variation to be 
diagrammatically illustrated. Mass and volume changes are calculated on the basis of the 
calculations of immobile elements in an altered sample against those in its least altered 
precursor. Therefore, the selection of immobile elements is the most important aspect of mass 
balance calculation. Consequently, the relative immobility of the elements should be examined 
before proceeding further. 
 
7.2 Immobile elements 
Element immobility can be determined by plotting chemically unrelated elements against each 
other. If immobile, the data define a constant ratio linear trend, intersecting the origin (Maclean 
Kranidiotis, 1987). The correlation coefficient (r) can be used to estimate the relative immobility 
of one element with respect to another element in relation to any changes in mass or volume in a 
sample suite (MacLean and Kranidiotis, 1987). The elements Ti, Al, Ga and HREE are 
commonly immobile during hydrothermal alteration, and have mostly been used as the basis of 
mass balance calculation in many porphyry copper deposits (Ulrich and Heinrich, 2001; 
Hezarkhani, 2002; Arifudin, 2006). The procedure is that the selected elements are plotted 
against TiO2, and those with a correlation coefficient ≥0.6 are considered immobile (Bühl and 
Zöfel, 1999). Therefore, Al, Ti, Ga, Tm and Yb are interpreted as relative immobile elements in 
the alteration zones and are selected as mass change indicators in this study. The immobility of 
TiO2 and Al2O3 is indicated by high value of the correlation coefficient (r = 0.8; Figure 7.1). 
 
7.3 Isocon diagram 
The isocon diagram is constructed using a double-logarithmic plot following the suggestion of 
Baumgartner and Olsen, (1995). The immobile elements (Al, Ti, Ga and the HREE such as Tm 
and Yb) are used to graphically define an isocon line, applying the standard deviation of the 
immobile element analyses (1σ error bars; Selverstone et al., 1991; Leitch and Lentz, 1995; Kolb 
et al., 2000; Arifudin, 2006).  
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                          Figure 7.1 Plot of selected major and trace elements (Al2O3, Ga, Tm, Yb) against TiO2  
                          and calculated correlation coefficients (r). The Al2O3 and Ga indicate immobility with 
                          a correlation coefficient (r) ≥ 0.7 as well as ≥ 0.6 for Tm and Yb.  
                          Notes: The major oxide are in wt % and elements are in ppm for (n = 40) samples. 
 
The isocon plots illustrate that Al, Ti and Ga are relatively immobile during alteration, and the 
mass remains essentially conserved during the alteration process. The gradient of the isocons is 
defined by the mass ratio between the original samples and the altered samples (M°/Ma). The 
elements, which plot above the isocon are said to be enriched during alteration. Elements plotted 
below the isocon have been depleted (Grant, 1986). The absolute compositional change (∆C) is 
defined as the concentration change of each oxide/element compared to its original 
concentration, and can be visualized as the vertical distance between the isocon and the 
individual element. This is calculated using Equation (7.1): 
 
∆C = (1/S)*[(Ca/C°) - 1]        (7.1) 
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where S is the gradient of the immobile isocon and Ca/C° is the ratio of the element 
concentration between the altered rock and the least altered rock. For the quantification of the 
volume and mass changes, Equations (7.2) and (7.3) were used (Grant, 1986): 
 
∆V = (1/S)*[(ρa/ρ°) - 1]*100        (7.2) 
 
∆M = [(1/S) - 1]*100         (7.3) 
 
where ∆V and ∆M are volume and mass loss or gain in percent, respectively, and ρa/ρ° is the 
ratio of the specific gravity between the altered rock and the least altered rocks. The specific 
gravity (S.G, g/cm3) of each sample was determined by applying the Archimedes principle 
(Appendix 12.7; Table 12.28). The major elements are plotted as wt.%, whereas the trace 
elements are given in ppm. In order to avoid misinterpretations due to an inhomogeneous nature 
of the samples as described by McCaig (1997), average values and 1σ errors of the samples from 
the different alteration zones have been used. 
 
7.4 Mass balance calculation 
The hydrothermal alteration and mineralization at the Seridune prospect are developed in the 
granodiorite intrusion, which is overprinted by the propylitic, phyllic, argillic and advanced 
argillic alteration zones. 
 
7.4.1 Chlorite-epidote (propylitic) alteration 
The propylitic alteration at the peripheral Seridune porphyry system is characterized by a minor 
decrease in volume (-2.9 %) and mass changes. A comparison of the representative samples from 
the propylitic alteration zone and the least altered samples shows that the immobile elements (Ti, 
Al, Ga) and the HREE define an isocon line of constant mass with a slope of 1.01 (Figure 7.2A). 
The minor decrease in mass and volume is related to the removal of some of the major oxides, 
such as CaO, MgO, Fe2O3T and Na2O. These oxides are considered to be geochemically mobile 
during fluid-rock interaction and plot below of the isocon line. 
MASS BALANCE CALCULATIONS 60
 
0.01 0.1 1 10 100 1000 10000
Least Altered Grd
0.01
0.1
1
10
100
1000
10000
C
hl
or
ite
-e
pi
do
te
 (p
ro
py
lit
ic
 )
Isocon
∆M (%) -0.38 
∆V (%) -2.9
Ba
Sr
Zn
Cu
SiO2
Zr
V
Rb
Al2O3
Cr
Ni
As
Co
Ga
Pb
Sn
MgO
K2O
Fe2O3T
CaO Na2O
LOI
Yb
TiO2
SO3
P2O5
TmS
(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Oxides / Elements
-2
0
2
4
6
8
C
on
ce
nt
ra
tio
n 
ch
an
ge
 (∆
C
) 
S
iO
2
Fe
2O
3T
M
gO C
aO
N
a2
O
K
2O
P
2O
5
S
A
s
B
a
C
o
C
r
C
u
N
i
P
b
R
b
S
n
S
r V
Zn
(B)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Mass balance plot between the chlorite-epidote (propylitic) alteration (n = 6) and least altered 
granodiorite rocks (n = 6): (A) Isocon diagram (isocon gradient of 1.01 is defined by the immobile elements), 
and (B) Concentration change (∆C).  
Note: The Major oxides are in wt.% and trace elements in ppm; Grd = granodiorite 
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The depletion of Na2O is probably due to the destruction of plagioclase. A typical characteristic 
of this alteration zone is a significant enrichment of S and As (6-fold; Figure 7.2B). The 
transition trace elements such as Ni, Co, Cr, and Zn are commonly enriched, which is related to 
the presence of ore minerals.  
 
7.4.2 Quartz-sericite (phyllic) alteration 
A comparison of the representative samples from phyllic alteration and least altered rocks shows 
that TiO2, Al2O3, Zr, Ga and the HREE define an isocon line of constant mass with a slope of 1.0 
(Figure 7.3A). The rocks of the phyllic alteration are characterized by a high depletion in their 
volume loss of 12.0 %. The losses of CaO, Na2O, MgO, Fe2O3 and gains of K2O reflect the 
sericitization of feldspar and ferromagnesian minerals. The addition of Si is consistent with the 
presence of quartz veins, which are a major feature of the phyllic alteration (Figure 7.3B). The 
plagioclase breakdown may be represented by a depletion of the total alkalis (Na2O + CaO) and 
Sr. S, Cu, Pb, Rb and Ba are commonly enriched; particularly Cu has a significant enrichment 
factor of 157, which represents the local occurrence of copper carbonates in the quartz stockwork 
of this alteration type. The increase of Cu is consistent with the mobilization of this element and 
its concentration mainly in Cu-carbonates and rarely in disseminated sulphide minerals. 
 
7.4.3 Quartz-clay (argillic) alteration  
In this alteration zone, feldspar is replaced by an assemblage of phyllosilicates and quartz. The 
alteration shows a minor decrease in mass and volume, similar to the quartz-sericite (phyllic) 
alteration (Figure 7.4A). The decrease in mass and volume of the argillic alteration zone would 
however, be greater if it was normalized to the least altered rocks, due to destruction of early 
mafic minerals and plagioclase. Rocks of the argillic alteration are depleted in major oxides such 
as MgO, CaO, K2O, and enriched in Na2O, Fe2O3 and SiO2. 
 
The increase of Na2O is interpreted to be due to the formation of albite and clay minerals. The 
addition of Fe2O3 and S correspond to the relatively high abundance of pyrite and hematite 
within oxidized pyrite shell (Figure 7.4B). The concentration changes of the trace elements is 
characterized by a moderate enrichment of Pb, Sr, and Zn, and a depletion of Ag, Au, Cu, Mo, 
and Rb relative to the phyllic alteration zone. The increases of Pb and Zn concentrations are 
consistent with a mobilization of these elements and their concentrations in sulphide minerals 
around the oxidized pyrite shell in argillic alteration zone.  
 
 
MASS BALANCE CALCULATIONS 62
 
0.001 0.01 0.1 1 10 100 1000 10000 100000
Least altered Grd
0.001
0.01
0.1
1
10
100
1000
10000
100000
Q
ua
rtz
-s
er
ic
ite
 (p
hy
lli
c)
IsoconCu
Ba
Sr
As Rb
Zr
SiO2V
PbCo
Ga
Al2O3
Cr
Ni
Cs
Na2O
TiO2
Tm
S
∆M (%) 0.0
∆V (%) -12.0
(A)
Yb
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Oxides / Elements
-2
0
2
4
6
C
on
ce
nt
ra
tio
n 
ch
an
ge
 (∆
C
) 
S
iO
2
Fe
2O
3T
M
gO
C
aO
N
a2
O
K
2O
P
2O
5
S A
s
B
a
C
e
C
u
C
s
P
b
R
b
S
n
S
r
Th
V
15
7.
0
(B)
23
.3
1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 Mass balance plot between the quartz-sericite (phyllic) alteration (n = 6) and least altered 
granodiorite rocks (n = 6): (A) Isocon diagram (isocon gradient of 1.0 is defined by the immobile elements), 
and (B) Concentration change (∆C).  
Note: The major oxides are in wt.% and elements in ppm; Grd = granodiorite. 
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Figure 7.4 Mass balance plot between the quartz-albite-sericite-kaolinite-illite (argillic) alteration (n = 4) and 
the quartz-sericite (phyllic) alteration (n = 6): (A) Isocon diagram (isocon gradients of 1.16 is defined by the 
immobile elements), and (B) Concentration change (∆C).  
Note: The major oxides are in wt.% and elements in ppm. 
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7.4.4 Quartz-alunite-pyrophyllite (advanced argillic) alteration  
The advanced argillic alteration mainly overprints the quartz-sericite (phyllic) alteration zone. 
Therefore, the mass and volume changes in the advanced argillic alteration zone are calculated 
with respect to the quartz-sericite (phyllic) alteration precursor (Figure 7.5A). The advanced 
argillic alteration samples indicates a minor decrease in the mass and volume (-3.8 ± 5.20 and 
-0.18 ± 5.42 %, respectively), which is consistent with the depletion of major oxides (e.g. Fe2O3, 
CaO and K2O). K2O, CaO and Na2O are depleted due to the destruction of feldspar and sericite. 
The trace elements display moderate depletion of Cu, Mo, Rb, Ba, Ag and Zn; and an increase in 
Sr, Pb, and Cs (Figure 7.5B).  
 
7.5 Summary 
The isocon diagrams (Grant, 1986) plotted for the least altered and altered rocks indicate that Al, 
Ti, Ga and HREE (Tm and Yb) have been relatively immobile during alteration. The 
chlorite-epidote alteration normalized to the least altered granodiorite rocks shows that CaO and 
Sr are commonly depleted, which may indicate the breakdown of Ca-plagioclase. Some of the 
released CaO may have been incorporated into the calcite and epidote. The enrichment of Na2O 
is probably due to the formation of albite around plagioclase rims. A typical characteristic of this 
alteration zone is a significant enrichment of S and As (6-fold), which is due to the common 
occurrence of enargite. The changes in major elements in the phyllic alteration include the 
enrichment in K, and the depletion in Na and Ca. The increase of K2O is most probably due to 
the sericitization of feldspar and ferromagnesian minerals. S and Cu are commonly enriched. 
Particularly Cu has a significant enrichment factor of 157. The addition of Si is consistent with 
the widespread presence of quartz veins through the phyllic alteration zone. The increase in Cu is 
consistent with a mobilization of this element and its concentration mainly in Cu-carbonates, and 
rarely in disseminated sulphide minerals through quartz stockwork zone. The argillic alteration 
shows a decrease in the mass and volume relative to the quartz-sericite (phyllic) alteration. The 
increasing of Na2O is due to the formation of clay minerals. The addition of Fe2O3 and S 
corresponds to the relatively high abundance of pyrite and hematite in the oxidized pyrite shell. 
The mass and volume changes in the advanced argillic were calculated relative to the 
quartz-sericite (phyllic) alteration. K2O is highly depleted compared to CaO and Na2O, reflecting 
the replacement of pyrophyllite and alunite by sericite and alkali feldspar. The highest 
concentration changes at the Seridune prospect includes the addition of copper in central phyllic, 
and zinc in peripheral argillic and propylitic hydrothermal alteration zones.  
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Figure 7.5 Mass balance plot between the quartz-alunite-pyrophyllite (advanced argillic) alteration (n = 8) 
and quartz-sericite (phyllic) alteration (n = 6): (A) Isocon diagram (isocon gradient of 1.04 defined by the 
immobile elements), and (B) Concentration change (∆C).  
Note: The major oxides are in wt. % and elements in ppm. 
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8 GEOTHERMOBAROMETRY 
 
Temperature and pressure (depth) of the Seridune intrusion were estimated using the 
amphibole-plagioclase thermometer of Holland and Blundy (1994) and the Al-in-hornblende 
barometer of Anderson and Smith (1995). The temperature is computed by using a spreadsheet 
program HbPl version 1.2 (Holland and Blundy, 1994). Furthermore, the total Al (AlT) content 
of biotite represents the solidification pressure of granitic rock (Uchida et al., 2007). 
 
8.1 Amphibole-plagioclase thermometer 
The amphibole-plagioclase thermometry has been calibrated using two exchange reactions 
(Holland and Blundy, 1994). These are: 
 
edenite + 4 quartz → albite + tremolite       (8.1) 
 
edenite + albite → anorthite + richterite.       (8.2) 
 
The reaction (8.1) is applied for a quartz-bearing assemblage, whereas the reaction (8.2) can be 
used for both quartz-bearing and silica under-saturated assemblages. The application of reaction 
(8.1) is restricted to amphiboles with Na(A) > 0.02 atoms per formula unit (apfu), AlVI < 1.8 apfu, 
and Si from 6.0 to 7.7 apfu as well as plagioclase with XAn < 0.90. The reactions (8.1) and (8.2) 
should only be used in the range of temperature from 500 to 900°C. Reaction (8.2) has the 
following compositional restrictions. The amphiboles must have Na(M4) > 0.03 apfu, AlVI < 1.8 
apfu and Si in the range of 6.0-7.7 apfu. The plagioclase composition must be in the range of 
An90-10. The precision of both thermometers is ±40°C at 1-15 kbar (Holland and Blundy, 1994). 
The cation abundances and the allocation of ferric and ferrous iron for the amphiboles follow the 
calculation of Holland and Blundy (1994). 
The granodiorite porphyry commonly contains amphibole in textural equilibrium with biotite, 
plagioclase, quartz, magnetite, minor K-feldspar and ilmenite. A total of 17 electron microprobe 
analyses of amphibole-plagioclase pairs is used for the thermobarometry calculation. The 
chemical composition of the amphiboles is characterized by 0.34-0.49 apfu Na, 0.17-0.33 apfu 
AlVI, 6.6-7.0 apfu Si, and the composition of coexisting plagioclase varies from An50 to An20 
(Table 8.1). Except for the slightly elevated Na concentrations, these values are consistent with 
the criteria of Holland and Blundy (1994). The geothermometer (T) calculated from the reaction 
(8.2) indicates a temperature ranging from 687°C to 770°C (Table 8.1). Therefore, reaction (8.2) 
most likely represents the equilibrium temperature at 748±21°C for the emplacement of the 
granodiorite porphyry intrusion in the Seridune prospect. 
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8.2 Al-in-hornblende barometer 
The Al-in-hornblende barometer (Anderson and Smith, 1995) offers a basis for estimating the 
crystallization pressure for granitic batholiths. The barometer was initially formulated on an 
empirical basis from the pressures determined for contact aureoles adjacent to hornblende 
bearing calc-alkaline plutons (Hammarstrom and Zen, 1986; Hollister et al., 1987). The 
barometer has subsequently been calibrated experimentally under water-saturated conditions for 
the equilibrium assemblage of hornblende, biotite, plagioclase, K-feldspar, quartz, sphene, 
Fe-Ti-oxides (Johnson and Rutherford, 1989; Schmidt, 1992). The Al content of the amphibole 
increases with pressure, following the Tschermak exchange vector (Johnson and Rutherford, 
1989; Schmidt, 1992):  
 
Si4+ (Mg, Fe)2+ = AlIV + AlVI         (8.3) 
 
The barometer is temperature-dependent. In order to determine the pressure, the temperatures 
obtained by the application of the amphibole-plagioclase thermometer (Holland and Blundy, 
1994) were used. Anderson and Smith (1995) noted that the estimated pressure is also sensitive 
to oxygen fugacity, with low fO2 conditions leading to an increase in AlVI, a decrease in Fe3+ of 
amphiboles results in anomalously high estimates of pressure. Hence, in order to avoid incorrect 
results, they recommended that the iron-rich amphiboles containing XFe2+(Fe2+/[Fe2+ + Mg]) > 
0.65 and XFe3+(Fe3+/[Fe2+ + Fe3+]) < 0.25 should be excluded in the calculation. The 
compositions of the amphiboles used in this study, which are typically Mg-rich with Fe3+/(Fe2+ + 
Fe3+) > 0.2, are consistent with the high fO2 conditions commonly associated with 
magnetite-bearing, calc-alkaline suites (Czmanske and Wones, 1973; Ishihara, 1981). The 
barometer is applicable over a range of conditions, 600° to 850°C and 1 to 10 kbar. The 
precision of the barometer is ±0.6 kbar (2σ) and the temperature-dependence is about 1 kbar per 
75°C at 2 kbar (Anderson and Smith, 1995). Anderson and Smith, (1995) concluded that the 
pressure effect was the dominant control on the total Al-content of the amphibole for granitic 
plutons with the mineral assemblage plagioclase, K-feldspar, quartz, hornblende, biotite, sphene 
and magnetite (or ilmenite). The Al-in-hornblende geobarometer is defined by the following 
equation (8.4, Anderson and Smith, 1995):  
 
P (kbar) = 4.76AlT - 3.01 - {[T - 675]/85} x {0.530AlT + 0.005294[T - 675]}  8.4 
 
where T is the temperature (°C), estimated from Hbl-Pl geothermometer, and AlT is the total 
number of Al-cations in the hornblende.  
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Table 8.1 Chemical analyses of amphiboles used for calculating pressure and temperature. The temperatures 
are determined by the amphibole-plagioclase thermometer of Holland and Blundy, (1994), and pressures 
calculated for the crystallization of Seridune granodiorite porphyry by the application of Al-in-hornblende 
barometer of Anderson and Smith, (1995). 
 
Analysis 114-1 114-10 114-11 114-13 114-14 114-15 114-17 114-18 114-19 114-2 114-3 114-4 114-5 114-6 114-7 114-8 114-9
SiO2 47.68 47.23 45.69 44.44 44.71 45.35 44.46 44.46 44.67 44.56 44.63 45.58 47.44 47.36 48.14 47.60 46.24
TiO2 0.98 0.89 1.11 1.26 1.13 1.19 1.31 1.19 1.30 1.01 1.24 1.01 1.02 1.03 0.99 0.97 1.07
Al2O3 7.12 7.40 8.67 9.88 9.05 8.67 9.17 9.10 9.36 8.89 8.93 8.70 7.32 7.01 7.10 6.84 8.22
Fe2O3 5.66 4.92 5.24 5.99 5.98 5.96 4.82 5.85 5.17 6.59 6.14 5.65 5.56 5.83 5.03 4.71 4.96
FeO 8.28 10.79 11.50 10.69 10.56 10.45 12.19 11.34 12.20 10.28 10.54 11.08 8.04 7.44 8.44 8.54 11.47
MnO 0.48 0.52 0.48 0.45 0.46 0.51 0.47 0.44 0.51 0.45 0.47 0.49 0.43 0.40 0.37 0.43 0.46
MgO 14.44 12.95 12.25 12.03 12.34 12.47 11.41 11.86 11.59 12.27 12.18 12.18 14.58 14.89 14.64 14.52 12.45
CaO 11.79 11.48 11.70 11.79 11.68 11.60 11.29 11.62 11.63 11.70 11.75 11.37 11.63 11.75 11.62 11.84 11.44
Na2O 1.21 1.37 1.51 1.48 1.51 1.45 1.55 1.57 1.70 1.42 1.38 1.41 1.28 1.24 1.25 1.25 1.55
K2O 0.47 0.48 0.85 0.91 0.93 0.73 0.89 0.87 0.86 0.91 0.85 0.85 0.54 0.49 0.46 0.49 0.68
Total 98.10 98.02 98.99 98.92 98.35 98.38 97.57 98.30 98.99 98.07 98.10 98.31 97.84 97.44 98.04 97.17 98.54
Structural formula based on 23 oxygene, using 15-NK calculation method (after Robinson et al.,  1981)
SiIV 6.98 6.99 6.75 6.57 6.65 6.73 6.70 6.64 6.64 6.65 6.65 6.78 6.96 6.96 7.03 7.02 6.85
AlIV 0.82 0.73 0.99 1.14 1.11 1.03 0.98 1.12 1.08 1.14 1.13 0.92 0.82 0.88 0.71 0.78 0.87
AlVI 0.20 0.28 0.26 0.29 0.24 0.24 0.33 0.24 0.28 0.21 0.22 0.30 0.22 0.17 0.25 0.20 0.28
Fe3+ 0.62 0.54 0.58 0.66 0.66 0.66 0.54 0.65 0.57 0.73 0.68 0.63 0.61 0.64 0.55 0.52 0.55
Ti 0.11 0.10 0.12 0.14 0.13 0.13 0.15 0.13 0.15 0.11 0.14 0.11 0.11 0.11 0.11 0.11 0.12
Mg 3.15 2.86 2.70 2.65 2.74 2.76 2.56 2.64 2.57 2.73 2.71 2.70 3.19 3.26 3.19 3.19 2.75
Fe2+ 1.00 1.32 1.41 1.31 1.30 1.28 1.52 1.40 1.50 1.27 1.30 1.36 0.98 0.91 1.02 1.04 1.41
Mn 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.06
Ca 1.85 1.82 1.85 1.87 1.86 1.84 1.82 1.86 1.85 1.87 1.88 1.81 1.83 1.85 1.82 1.87 1.82
Na 0.34 0.39 0.43 0.42 0.44 0.42 0.45 0.46 0.49 0.41 0.40 0.41 0.37 0.35 0.35 0.36 0.45
K 0.09 0.09 0.16 0.17 0.18 0.14 0.17 0.17 0.16 0.17 0.16 0.16 0.10 0.09 0.09 0.09 0.13
Σ cations 15.43 15.48 15.59 15.60 15.61 15.56 15.62 15.62 15.65 15.58 15.56 15.57 15.47 15.45 15.44 15.45 15.58
X Fe2+ 0.24 0.32 0.34 0.33 0.32 0.32 0.37 0.35 0.37 0.32 0.33 0.34 0.23 0.22 0.24 0.25 0.34
X Fe3+ 0.38 0.29 0.29 0.34 0.34 0.34 0.26 0.32 0.28 0.37 0.34 0.31 0.38 0.41 0.35 0.33 0.28
X Ab 0.60 0.68 0.61 0.64 0.81 0.65 0.68 0.69 0.64 0.64 0.68 0.66 0.66 0.65 0.65 0.70 0.68
T(°C) 734 750 759 761 760 752 762 763 765 770 766 753 730 744 722 739 687
P (Kbar) 1.3 1.0 1.8 2.6 2.3 2.1 2.0 2.2 2.2 2.1 2.1 1.8 1.4 1.2 1.2 1.0 2.4
 
Notes: XAb albite proportion of the plagioclase phenocryst in contact or in near contact with the hornblende. 
T is calculated form the edenite-richterite reaction (8.2). 
 
The composition of the amphiboles in the granodiorite in Seridune prospect contain XFe2+ 
(Fe2+/[Fe2+ + Mg]) and XFe3+ (Fe3+/[Fe2+ + Fe3+]) in the range of 0.22-0.37 and 0.26-0.41 
respectively, in accordance with the Holland and Blundy criteria (1994, Table 8.1). A total of 17 
electron microprobe analyses of the adjacent amphibole and plagioclase are used in calculation 
(Table, 8.1). The barometric calculations indicate that the pressures vary between 0.98 and 2.56 
kbar (Table 8.1). Therefore, the preferred mean pressure for the crystallization of the Seridune 
granodiorite intrusion is about 1.8 ± 0.5 kbar. If the pressure is assumed to be lithostatic, it is 
interpreted that the hornblende and plagioclase phenocrysts crystallized at depths of about 6.6 
km with the assumption of 1 kbar = 3.7 km (average density = 2.76 g/cm3). The crystallization 
depth (~6.6 km) may represent the lower level of the granodiorite intrusion. Brent et al. (2003) 
noted that the (U-Pb)/U-He Zircon and U-He apatite dating conducted on samples of the 
Sarcheshmeh porphyry (SCP) and Late hornblende porphyry (LHP), implied an emplacement at 
a depth of 3-4 km.  
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8.3 Biotite barometer 
The chemical analysis of biotite in representative granitic rocks shows that the total Al (AlT) 
content of biotite depends on the solidification pressure (Table 8.2). The total Al content in 
granitic rocks can be used as a geobarometer (Uchida et al., 2007). The following empirical 
equation (8.5) was obtained to estimate the pressure of crystallization magma:  
 
P (kb) = 3.03 * AlT – 6.53(±0.33)        (8.5) 
 
where AlT is the total Al in biotite on the basis of O = 22. The AlT content of biotite in granitic 
rocks may be a useful indicator for distinguishing between mineralized and nonmineralized 
granitic rocks. 
 
Table 8.2 Representative EMP analyses of biotite. The pressures of crystallization 
of granodiorite porphyry at the Seridune are calculated from the biotite geobarometer 
by the equation of Uchida et al. (2007). 
 
Analysis 136-1 136-10 136-11 136-12 136-13 136-14 136-15 136-41 136-9
SiO2 40.37 37.54 37.42 37.19 37.51 37.18 38.25 37.42 37.15
TiO2 3.58 3.93 3.86 3.74 3.69 3.84 3.81 4.12 3.33
Al2O3 16.72 14.96 14.31 14.33 14.73 15.02 15.78 14.67 14.83
FeO 13.28 17.12 16.90 16.71 16.71 17.73 16.41 16.93 17.91
MnO 0.35 0.20 0.25 0.22 0.21 0.23 0.18 0.19 0.25
MgO 14.62 13.64 14.11 14.00 13.86 13.04 12.40 13.16 12.91
CaO 0.21 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.53 0.45 0.51 0.42 0.39 0.42 0.47 0.47 0.35
K2O 8.49 9.28 9.27 9.39 9.39 9.37 9.14 9.23 9.28
F 1.09 0.24 0.64 0.37 0.14 0.29 0.21 0.08 0.14
Cl 0.08 0.09 0.07 0.07 0.08 0.10 0.07 0.07 0.08
H2Ocalc. 1.68 1.98 1.79 1.90 2.02 1.95 2.00 2.05 2.00
O_F_Cl 0.48 0.12 0.28 0.17 0.08 0.14 0.11 0.05 0.08
Total 101.07 99.54 99.41 98.52 98.83 99.29 98.83 98.44 98.32
Structural formula based on 22 (O, OH, F, Cl)
Si 5.47 5.30 5.32 5.32 5.33 5.29 5.40 5.34 5.34
AlIV 2.53 2.49 2.40 2.41 2.47 2.52 2.60 2.46 2.51
AlVI 0.14 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Ti 0.36 0.42 0.41 0.40 0.40 0.41 0.40 0.44 0.36
Fe2+ 1.50 2.02 2.01 2.00 1.99 2.11 1.94 2.02 2.15
Mn 0.04 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.03
Mg 2.95 2.87 2.99 2.99 2.94 2.77 2.61 2.80 2.76
Ca 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.14 0.12 0.14 0.12 0.11 0.12 0.13 0.13 0.10
K 1.47 1.67 1.68 1.71 1.70 1.70 1.65 1.68 1.70
F 0.93 0.21 0.58 0.34 0.13 0.26 0.19 0.07 0.13
Cl 0.04 0.05 0.03 0.04 0.04 0.05 0.03 0.04 0.04
OH 1.52 1.87 1.70 1.81 1.92 1.85 1.89 1.95 1.92
XFe 0.34 0.41 0.40 0.40 0.40 0.43 0.43 0.42 0.44
XMg 0.66 0.59 0.60 0.60 0.60 0.57 0.57 0.58 0.56
Total Al 2.67 2.49 2.40 2.41 2.47 2.52 2.62 2.46 2.51
P(kbar) 1.55 1.01 0.73 0.78 0.94 1.10 1.41 0.94 1.07
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A positive correlation between AlT content of biotite and the solidification pressure of the 
granitic rocks is clearly seen, and the total AlT content of biotite increases with increasing 
solidification pressure. This is consistent with the AlT of biotites and pressure of solidification of 
granodiorite rocks at the Seridune prospect (Table 8.2). Therefore, the preferred mean pressure 
for the crystallization of the Seridune granodiorite intrusion is about 1.06 ± 0.33 kbar according 
to equation 8.5. It is interpreted that the biotite phenocrysts crystallized at depths of about 3.9 km 
with the assumption of 1 kbar = 3.7 km (average density = 2.76 g/cm3).  
 
8.4 Summary 
The application of the amphibole-plagioclase thermometry (Holland and Blundy, 1994) and Al 
in hornblende barometry (Anderson and Smith, 1995) indicate that the quartz-bearing 
granodiorite porphyry was emplaced at 748 ± 21°C and 1.8 ± 0.5 kbar. If the pressure is assumed 
to be lithostatic, it is interpreted that the hornblende and plagioclase crystallized at depths of 
about 6.6 km (assuming on average density of 2.76 g/cm3). In addition, the amphiboles in the 
granodiorite porphyry are typically Mg-rich with ratio of Fe2+/(Fe2+ + Mg) < 0.45. The relatively 
high Mg and XFe3+ > 0.26 of the amphibole compositions may reflect a high oxygen fugacity 
(fO2), which is commonly present in magnetite-bearing, calc-alkaline igneous suites (Czamanske 
and Wones, 1973; Ishihara, 1981).  
 
The total Al content in biotite from granitic rocks can be used as a geobarometer (Uchida et al., 
2007). Thus, the preferred mean pressure for the crystallization of the Seridune granodiorite 
intrusion is about 1.06 ± 0.33 kbar. If the pressure is assumed to be lithostatic, it is interpreted 
that the biotite phenocrysts crystallized at depths of about 3.9 km. Furthermore, the total AlT 
content and pressure of crystallization of biotite related to the granodiorite rocks at the 
Sarcheshmeh porphyry copper deposit (2.49, 1.02 kbar respectively; Appendix 12.5; Table 
12.11) show that the biotite phenocrysts in this deposit crystallize at depth of approximately 3.8 
km below the paleosurface. 
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9 FLUID INCLUSIONS 
 
Fluid inclusion analysis in porphyry copper deposits is an important tool to determine the 
physicochemical conditions of the hydrothermal fluids responsible for the alteration and 
mineralization processes. The purpose of this chapter is to identify the characteristics of the 
trapped fluids within the quartz minerals of the Seridune prospect.  
 
9.1 Introduction 
Roedder (1971) and Nash, (1976) classified fluid inclusions to the following types:  
• Type I (liquid-rich). A common type of inclusion that contains a liquid and a small vapor 
bubble phases (10 to 40 Vol.%). This type is commonly associated with the propylitic or 
sericitic alteration zones (Nash, 1976; Hedenquist et al., 1998; Hezarkhani and 
Williams-Jones, 1998; Gonzalez-Partida and Levresse, 2003; Maineri et al., 2003).  
• Type II (gas-rich). This type of inclusion comprises more than 60 percent vapor phase plus 
liquid. A reddish or opaque hematite daughter mineral is typically present. 
• Type III (halite bearing). This type contains cubic halite, and generally other daughter 
minerals. The Type II and III inclusions are closely related to the potassic alteration zones, 
within the early-transitional “A” and “B” quartz veins/veinlets in porphyry copper systems 
(Nash, 1976; Beane and Titley, 1981; Bodnar, 1995; Beane and Bodnar, 1995 and 
Hedenquist et al., 1998).  
• Type IV (CO2-rich). This type is not typical of most porphyry copper deposits. Thus, this 
investigation is concentrated on the fluid inclusions hosted by the quartz veins/veinlets that 
are associated with the transitional quartz-sericite (phyllic) and the late 
quartz-pyrophyllite-alunite (advanced argillic) alteration zones. 
 
9.2 Petrography of fluid inclusions  
Commonly, the petrographic study of fluid inclusion identifies the overall paragenesis, type of 
fluid inclusion assemblage and the timing of phase entrapment. The abundant quartz veins and 
individual quartz crystals contain numerous fluid inclusion assemblages. The prevalent types of 
fluid inclusion assemblage (Type I, II and III) are recognized along crosscutting micro-fracture, 
growing zones and in the quartz crystals of host rock in the Seridune prospect.  
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Type I inclusions are ubiquitous within the phyllic and advanced argillic alteration zones. They 
are observed with variable dimensions from 5-12 µm up to 28 µm. The morphologies of these 
inclusions are commonly irregular, rarely of spheroidal shapes. Most inclusions are of secondary 
origin. Rare primary inclusion may be present along the growing zones in the comb quartz veins. 
The secondary inclusions are commonly located along annealed fracture planes that extend 
across the grain boundaries, mostly in individual quartz crystals (Figure 9.1A and B). 
Type II inclusions also occur ubiquitously in all samples throughout the quartz-sericite and 
advanced argillic alteration zones. This type of inclusion contains various vapor fractions 
ranging from 50 to 90 vol.%. The dimensions of vapour-rich inclusion assemblages vary from 4 
to12 µm (mostly ~8 µm), with a common form of secondary assemblage, spheroidal shape, dark 
appearance and negative crystal (Figure 9.1A, B).  
Type III inclusions are ~15µm large, irregularly distributed within individual quartz crystals. 
They might be pseudo-secondary in origin. Common daughter minerals in type III inclusions are 
halite and hematite. The halite daughter mineral with a blue color is mainly present within 
inclusions from phyllic alteration zone. The hematite daughter mineral typically shows a dark 
red color (Figure 9.1A).  
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Figure 9.1 Morphology of various types of fluid inclusions : A) Irregular to spheroidal forms of secondary 
Type I inclusions (Liquid-rich), Type II (vapour-rich) as solitary inclusion or intra-granular trail, Type III 
(halite-bearing) in phyllic quartz veins; B) Spheroidal to irregular forms of secondary Type I and 
intra-granular Type II inclusions, suggesting a pseudo-secondary origin in quartz veins of the advanced 
argillic alteration zone. 
 
9.3 Microthermometry 
9.3.1 Transitional Quartz-sericite (phyllic) alteration 
The three types of fluid inclusions are identified within the quartz veins/veinlets in phyllic 
alteration zone. Type I liquid-rich inclusions are more abundant than the other two inclusion 
types. The MacFlincor computer program was used to process the microthermometry data 
(Brown and Hagemann, 1995). The microthermometry analyses of type I inclusions indicate that 
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the homogenization temperature (Th) ranges from 225°C to 331°C (~273°C). The temperature of 
eutectic melting (Te) varies from -42°C to -15°C, and the ice melting temperature (Tmice) ranges 
from -19°C to -7°C. The salinity ranges from 11 to 21.7 wt.% NaCl eq., and was estimated using 
the formula of Bodnar and Vityk (1994). The Type II vapour-rich inclusions are typically very 
small and it is difficult to determine the homogenization temperature. The overall Th for the 
Type III halite-bearing inclusion ranges from 320°C to 380°C. The Te and Tm of ice vary from 
-46°C to -7°C and -25°C to -22°C, respectively. The relationship between the homogenization 
temperature (Th) and temperature of ice melting (Tm) as well as salinity (wt.% NaCl eq.) of 
fluid inclusion types I and III is illustrated in Figure 9.2. The Th of Type I inclusions tends to be 
negatively correlated with Tm, and positively correlated with the salinity (Figure 9.2 A and B, 
respectively). In contrast, the Th, Tm and salinity of Type III inclusion show a scattered 
distribution. A positive trend of the Th and salinity for Type I inclusions may suggest that the 
hydrothermal fluids are considerably altered to a cooler and less saline fluid (Shepherd et al., 
1985; Figure 9.2B). 
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Figure 9.2 Plots of the homogenization temperature (Th) against: (A) Temperature of ice melting (Tm), and 
(B) Salinity (NaCl eq.) of various fluid inclusion types within the quartz vein/veinlets in phyllic alteration 
zone.  
 
9.3.2 Late quartz-pyrophyllite-alunite (advanced argillic) alteration 
Quartz veins/veinlets of advanced argillic alteration are typically characterized by the presence 
of alunite-sericite-pyrophyllite selvage. The Type I liquid-rich inclusions are predominantly 
present in the comb quartz veins. The microthermometry data of Type I inclusions indicate that 
the Th ranges from 170°C to 301°C. The Th range is interpreted to be temperature of formation 
of the advanced argillic alteration zone. The temperatures of the first melting (eutectic 
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temperature; Te) vary between -30°C and -4°C. The temperatures of the final ice melting (Tmice) 
range from-16°C to -4°C, corresponding to an overall salinity of 7.2-18.4 wt.% NaCl eq. 
(0.01-0.06 XNaCl). The small Type II inclusions show various volume fractions of vapour phase 
throughout the analyzed samples. The microthermometry data of Type II inclusions indicate that 
the homogenization temperature varies between 227°C and 297°C and the TmNaCl ranges from 
-16°C to -9°C (12.3-19.8 wt.% NaCl eq. ≈ 0.01-0.07 XNaCl). The overall Th for the Type III 
halite-bearing inclusions varies from 251°C to 322°C. The Tm is about –17°C, corresponding 
with overall salinity of 18.1 wt.% NaCl eq. (~0.06 XNaCl). The relationship between the 
homogenization temperature (Th) and temperature of ice melting (Tm) as well as salinity (wt.% 
NaCl eq.) of the various fluid inclusion types is presented in Figure 9.3. The Th of Type I 
inclusions tends to be negatively correlated with Tmice and positively correlated with salinity 
(Figure 9.3A and B, respectively). In contrast, the Th, Tm and salinity for the Type II and III 
inclusions show a scattered distribution. The positive correlation of Th and salinity of Type I 
inclusions may suggest that the hydrothermal fluids altered to cooler and less saline fluid 
(Shepherd et al., 1985; Figure 9.3 B). 
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Figure 9.3 Plots of the homogenization temperature (Th) against: (A) Temperature of ice melting (Tm), and 
.4 Interpretation 
d salinity 
I and III) are present in the quartz veins/veinlets associated with 
(B) Salinity (NaCl eq.) of various fluid inclusion types within the quartz vein/veinlets of the advanced argillic 
alteration zone. 
 
9
9.4.1 Temperature an
Two types of inclusion (Type 
the phyllic alteration zone. The rare Type II vapour-rich inclusions are typically small and is 
difficult to determine the homogenization temperature. The Type III inclusions are characterized 
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by relatively high homogenization temperatures (225°-331°C) and salinities (11.0-21.7 wt.% 
NaCl eq.). These inclusion types are related to the transitional alteration stage, which is 
dominantly formed by hydrothermal fluid. The positive correlation of the Th and salinity plot 
(Figure 9.2B) implies a slow continuous change to a cooler and less saline fluid (cf. Shephard et 
al., 1985; Wilkinson, 2001). The moderate temperature and salinity related to the phyllic 
alteration may be explained by the interaction with meteoric water (cf. Cathles, 1977). 
The three types of inclusions are also observed in the granular quartz veins/veinlets associated 
he low-moderate temperature and salinity in advanced argillic may be due to the late-stage 
.4.2 Fluid density 
is calculated applying the formula of Bodnar and Vityk (1994), using the 
with the late advanced argillic alteration zone. In general, the Th and salinity of these inclusions 
are relatively low, and may reflect a decrease of the temperature and salinity of the hydrothermal 
fluids toward the margins of the prospect area. The determination of the temperature and salinity 
for the formation of the advanced argillic alteration is more reliable using the microthermometry 
data of the Type I inclusions (cf. Nash, 1976; Hedenquist et al., 1998; Hezarkhani and 
Williams-Jones, 1998; Gonzalez-Partida and Levresse, 2003; Maineri et al., 2003). 
 
T
influx of meteoric fluids (Coote, 1992; CMS, 1993 and Turner, 1995). Turner (1995) also noted 
that the Type I inclusions in the early copper sulphide-bearing quartz veins/veinlets associated 
with the potassic alteration zone are less prevalent. In some porphyry deposits (e.g. El 
Salvador-Chile; Gustafson and Hunt, 1975), it appears that the late stage influx of meteoric 
fluids was capable of a redistribution, deposition and possibly upgrading of the copper 
mineralization. However, there is no evidence at the Seridune prospect that the low-moderate 
salinity inclusions were associated with copper remobilization. 
 
9
The fluid density 
relative volume ratios of the liquid and vapour fractions at room temperature, and the known 
salinity. The estimates of fluid density have an uncertainty of ±0.002 g/cm3 (Haas, 1971). The 
volume ratio of vapour fraction ranges from 0.1 to 0.5 for the abundant Type I inclusions within 
the quartz veins in transitional phyllic alteration zone, corresponding to a fluid density of 
0.90-1.0 g/cm3 and a bulk molar volume of salt ranging from 21.2 to 23.6 cm3/mol. In contrast, 
the fluid density and a molar volume calculated for the Type III inclusions are relatively high 
and range from 1.0-1.1 g/cm3 and 24.1-38.6 cm3/mol respectively (Appendix 12.8; Table 12.30). 
These values are slightly higher than those of the fluids related to the advanced argillic 
alteration. The variation of fluid densities is consistent with some other porphyry deposits (Nash, 
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1976). Type I fluid inclusions of moderate salinity in porphyry copper deposits commonly have 
densities that range from 0.7 to 0.9 g/cm3 (Nash, 1976). The density of high salinity type III fluid 
inclusions from porphyry copper deposits is commonly greater than 1g/cm3, and is as high as 
1.3g/cm3 at Bingham porphyry copper deposit (Appendix 12.8; Table 12.31). Fluid density is an 
important factor controlling the circulation of hydrothermal fluids and explains that the high 
salinity fluids are generally restricted to the vicinity of intrusives.  
 
9.4.3 Pressure-depth estimates 
ids in quartz of the phyllic alteration zone is estimated on the basis 
he microthermometry data of the Type I inclusions were also used to estimate the pressure of 
The pressure of trapping of flu
of the microthermometry data of the abundant Type I inclusions. The Type I and II inclusions 
within the quartz veins/veinlets of the phyllic alteration are interpreted as co-genetic boiling 
because of the petrographic observation. In this case, the calculated pressure from the Th (≈ Tt) 
and salinity of the Type I inclusion does not have to be corrected (Roedder, 1971). As described 
above, the phyllic-related quartz veins/veinlets commonly show drusy texture, continuous 
pattern and regular wall rock contacts. These characteristics may suggest that the veins/veinlets 
formed by open-space filling (Muntean and Einaudi, 2001), under a hydrostatic pressure (Eastoe, 
1978; Hedenquist et al., 1998). The trapping temperature of 225°-331.9°C and salinity of 
11.0-21.7 wt.% NaCl eq. correspond to a hydrostatic pressure of about ~100 bars and a depth of 
~0.5-1.0 km below the paleosurface (cf. Fournier, 1999; Redmond et al., 2004). The estimated 
depth may represent the lower part of the phyllic alteration zone in the Seridune prospect. 
 
T
trapping (formation) for the fluids of the advanced argillic alteration. The analyzed Type II 
inclusions indicate boiling conditions, thus, the estimated pressures do not have to be corrected. 
As outlined in chapter 5, the “D” quartz veins/veinlets typically display a drusy texture with a 
continuous pattern and regular wall rock contacts. These vein/veinlet characteristics indicate 
open-space filling under a hydrostatic regime (cf. Gustafson and Hunt, 1975; Muntean and 
Einaudi, 2001). Furthermore, the Th (Tt) ranging of 170°-301°C and salinity of 7.2-18.4 wt.% 
NaCl eq. correspond to a pressure of about ~80 bars and a depth of < 0.5 km beneath the 
Seridune paleosurface. The estimated pressure and depth are only approximation, on the basis of 
schematic P-T-Depth diagrams of e.g. Hedenquist et al. (1998), Fournier (1999) and Redmond et 
al. (2004). 
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9.5 Summary 
s in quartz veins/veinlets record the physicochemical evolution of hydrothermal Fluid inclusion
fluids at the Seridune prospect. The transitional quartz veins/veinlets contain abundant low saline 
liquid (~17.9 wt.% NaCl eq.) and small vapour-rich inclusions. The inclusions were trapped at a 
temperature of about ~273°C and a hydrostatic pressure of 100 bars at a paleodepth of ~0.5-1 
km. The estimate of trapping conditions of the fluid inclusions represents a minimum pressure, 
temperature and salinity, for conditions that prevailed during precipitation of quartz 
veins/veinlets associated with the transitional phyllic alteration in the center of the Seridune 
prospect. Consequently, the estimated depth also constrains a minimum depth of formation of the 
Seridune prospect. The low salinity liquid trapped in the type III inclusions are inferred to have 
originated from meteoric hydrothermal fluids. The quartz veins/veinlets related to the advanced 
argillic alteration contains Type I, II and III fluid inclusions. The Type I inclusions appear to be 
more abundant than the other two types in the quartz veins/veinlets as well as in the transitional 
phyllic alteration zone. The more dilute fluids (density ~0.7 to 0.9 g/cm3) associated with the 
advanced argillic alteration are estimated to have been trapped within the late quartz 
veins/veinlets at temperatures of about ~246°C and a salinity of ~13.5 wt.% NaCl eq. The 
pressures of trapping were under a hydrostatic regime (Section 9.4.3) at about ~80 bars, which 
corresponds to a paleodepth of about ~0.5 km. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION AND CONCLUSIONS 78
10 DISCUSSION AND CONCLUSIONS 
 
This chapter provides a synthesis of the tectonic setting, geology, and physical conditions of 
emplacement of the causal intrusion, hydrothermal alteration, and mineralization, metal zoning, 
geochemical signatures of the study area, and offers a genetic and exploration model. The 
shallow crustal-level emplacement conditions of the granodiorite intrusions are constrained by 
the chemical composition of the magmatic minerals. The chemical discrimination between 
hydrothermal alteration zones will be emphasized on basis of chemical variations of bulk rocks 
and diagnostic hydrothermal minerals. The conclusions on the origin of the hydrothermal 
alteration and mineralization are based on the altered rock geochemistry, mineral compositions, 
and fluid inclusions data.  
The genetic model for the Seridune hydrothermal system is infered from the compositional 
variation of diagnostic hydrothermal minerals and physicochemical conditions of hydrothermal 
fluids. Furthermore, the Seridune prospect will be compared with the other porphyry Cu-Mo 
deposits associated with continental margin settings on grounds of geochemical signatures of the 
host granodiorite porphyry, the geometry of hydrothermal alteration zones, and the quartz 
stockwork zone. A further comparison will be drawn and discussed with the geochemical 
characteristics of the nearby Sarcheshmeh porphyry Cu deposit. Particular emphasis is given to 
the geometry of the Seridune intrusions, quartz veins and fracture abundance, alteration zones, 
sulphide-oxide mineral distribution and metal zoning. These findings may be applicable for 
exploration of porphyry Cu deposits exposed at surface. Finally, several recommendations are 
presented for further exploration work and academic research in the district. 
 
10.1 Tectono-magmatic affinity of the granodiorite intrusion  
A spatial and temporal relationship between tectono-magmatic cycles in arcs and porphyry Cu 
deposits has long been recognized (e.g. Sillitoe, 1972). The porphyry Cu provinces are formed in 
association with subduction-related magmas and are found in magmatic arcs worldwide. The 
West Fissure zone of northern Chile and the magmatic arc of southwest Iran host several of the 
largest known porphyry Cu deposits (eg. Collahuasi, Chuquicamata, La Escondida, El 
Salvador-Potrerillos, Sarcheshmeh, and Meiduk), which formed by the exsolution of 
metalliferous and sulfur-rich hydrothermal fluids from calc-alkaline arc magma (Richards, 
2003).  
Biotite is a significant ferromagnesian mineral in most intermediate and felsic igneous rocks. It 
reflects both the nature and the physicochemical conditions of the magmas. The composition of 
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magmatic biotite in the Seridune granodiorite porphyries (Appendix 12.5; Table 12.11) was used 
to examine the tectonomagmatic setting of the intrusion with the using of a FeOt-MgO-Al2O3 
ternary diagram (Abdel-Rahman; 1994). For comparative purposes, the compositional data of 
magmatic biotite (Appendix 12.5; Table 12.24) from selected Sarcheshmeh granodiorites are 
also plotted in Figure 10.1. The diagram delineates three rock types on accounts of their tectonic 
setting: (1) anorogenic extensional-related alkaline rocks (“A” field), (2) calc-alkaline I-type 
suites (“C” field), and (3) peraluminous granitoids including collisional- and S-type rocks (“P” 
field). The chemical composition of biotite shows the Seridune granodiorite porphyries plot 
within the “C” field (Figure 10.1) indicating a calc-alkaline, I-type affinity and a 
subduction-related environment such as a magmatic arc. This finding is also supported by the 
bulk-rock geochemical diagram shown in Figure 4.6 (Le Maitre et al., 1989; Rickwood, 1989) 
which classifies the granodiorite porphyries as members of the medium-high-K calc-alkaline 
series.  
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 Figure 10.1 Ternary FeOt-MgO-
Al2O3 diagram from biotite of 
porphyritic granodiorite indicates 
(after Abdel-Rahman, 1994) the 
Seridune granodiorite porphyry plot 
in the (“C”) calc-alkaline I-type 
field. Granodiorites from the 
Sarcheshmeh porphyry Cu deposit 
are also shown for comparative 
purposes. 
Note: Field symbols: A = alkaline, C 
= calc-alkaline and P = peraluminous 
granites. 
 
 
 
 
 
 
 
In the Seridune granodiorite porphyries, biotite is associated with magnesium amphibole, 
plagioclase, magnetite and minor ilmenite, which typically characterize calc-alkaline I-type 
(subduction-related) granites (Ague and Brimhall, 1988a). The high XMag > 82 % (cf. Section 4.2) 
of biotite is consistent with biotite from granitic rocks hosting Cu deposits (Clark, 1990). It is 
also known for some time that magnetite-bearing (magnetite-series) I-type granites are typically 
associated with the Cu-Mo and Au porphyry deposits (Ishihara, 1981). In general, biotite, 
plagioclase and hornblende fractionation are important controls on the geochemical evolution of 
the Cu-bearing plutonic rocks (Blevin and Chappell, 1995; Feiss, 1978). 
DISCUSSION AND CONCLUSIONS 80
10.2 Emplacement condition of the granodiorite intrusion  
This section discusses the physicochemical conditions of the emplacement and crystallization of 
the Seridune granodiorite intrusions. 
 
10.2.1 P-T condition and depth of emplacement  
Temperature and pressure estimates based on the plagioclase-hornblende thermometer (Holland 
and Blundy, 1994) and Al-hornblende barometer (Anderson and Smith, 1995) indicate 
conditions of emplacement of the granodiorite porphyry at 748 ± 21°C and 1.8 ± 0.5 kbar (cf. 
chapter 8). 
It is estimated that the hornblende and plagioclase phenocrysts crystallized at depths of about 6.6 
km, within the granodioritic magma chamber (cf. Chapter 8). As the total Al (AlT) content of 
biotite depends on the crystallization pressure (Uchida et al., 2007; cf. Chapter 8) it can be 
further estimated that the pressure of crystallization of the Seridune granodiorite porphyry was 
approximately at 1.06 ± 0.33 kbar which corresponds to a depth of about 3.9 km below the 
paleosurface. This depth of crystallization is almost identical to the crystallization depth of 
granodiorite rocks (3.8 km) at the Sarcheshmeh porphyry Cu deposit shown before. Moreover, 
(U-Pb)/U-He zircon and U-He apatite dating conducted on samples from the Sarcheshmeh Cu 
porphyry (SCP) and the Late hornblende porphyry (LHP), indicates a depth of emplacement of 
3-4 km (Brent et al., 2003) which is in the same order as the depth of emplacement estimated for 
the felsic porphyry intrusions in Bajo de la Alumbrera, Argentina (~2.5 km; Proffett, 2003) and 
the Batu Hijau, Indonesia (≤ 2 ± 0.5 km; Garwin, 2000, 2002; Arifudin, 2006). The 
crystallization depth (~6.6 km) calculated from a Al-hornblende barometery is interpreted to 
represent the lower part of the magma chamber of the Seridune granodiorite porphyry. 
 
10.2.2 Crustal contamination 
Ague and Brimhall (1988b) studied the relationship between molar Al2O3/(CaO + Na2O + K2O) 
ratio versus SiO2 in whole rock composition and related them to the degree of contamination of 
igneous rocks. The term contamination refers to the interactions of “I-type” magmas derived 
from upper mantle or subducted slabs with source components of continental crust by processes 
such as partial melting, magma mixing and assimilation of wall rocks. Figure 10.2 shows that the 
rocks are divided into four subgroups based upon increasing Al2O3/(CaO + Na2O + K2O) ratio: 
(1) I-WC type (weakly contaminated I-type), (2) I-MC type (moderately contaminated I-type), 
(3) I-SC type (strongly contaminated I-type) and I-SCR type (strongly contaminated and reduced 
I-type). It is noticeable that I-WC, I-MC and I-SC types range in composition from 
metaluminous to weakly peraluminous. In contrast, the I-SCR types range from metaluminous to 
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strongly peraluminous granites with molar Al2O3/(CaO + Na2O + K2O) ratio greater than 1.05 
(Figure 10.2). Values of molar Al2O3/(CaO + Na2O + K2O) greater than 1.05 are characteristic of 
the S-types granitoids studied by White and Chappell, (1983) in Australia. The four subgroups of 
the I-type granitoids are characterized by a high oxidation state. In fact, the I-SCR rocks possess 
many of the characteristics of the S-type granitoids, including low fO2 (Chappel and White, 
1974). The Al2O3/(CaO + Na2O + K2O) values of the Seridune granodiorite porphyries range 
from 0.90 to 0.93, which is indicated of weak crustal-contaminated I-type granites (I-WC). 
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 Figure 10.2 Whole rock 
geochemistry of the Seridune 
granodiorite porphyry 
presented as molar ratio of 
Al2O3/(CaO + Na2O + K2O) vs. 
SiO2. Values in the range of 
0.90 to 0.93 suggest weak 
crustal contamination (Ague 
and Brimhall, 1988b). 
Note: I-WC = Weakly 
contaminated I-type; I-MC = 
moderately contaminated I-type; 
I-SC = Strongly contaminated 
I-type; I-SCR = Strongly 
contaminated and reduced I-type.
 
 
 
 
 
 
 
 
 
 
 
 
 
Geochemically, the I-type granites have Na2O > 3.2 wt.% and Al2O3/K2O + Na2O + CaO < 1.1 
(Blevin, 2004, Ague and Brimhall, 1988b). The composition of the Seridune granodiorite 
porphyries (Na2O > 4.44 wt.% and Al2O3/K2O + Na2O + CaO < 0.93) corresponds to that of I-
type granites. I-type granites in volcanic arcs are commonly characterized by enrichments of K, 
Rb, Ba, Th and depletion of Ta, Nb, Hf, Zr with low values of Y and Yb relative to normalized 
value (Blevin, 2004). This is also the case with the granodioirte porphyry in the Seridune 
prospect (Appendix12.7; Table 12.28). The classification of granites into I- and S-type 
(metaluminous and peraluminous) based on K/Rb ratios (Blevin, 2004) also points to the 
Seridune granodiorite porphyry being an I-type granitoid. There appers to be also a relationship 
between the alumina saturation index (Al2O3/K2O + Na2O + CaO) of granitoids and the AlT 
content of biotite (Appendix 12.5; Table 12.11). Mineralized granitic rocks are characterized by 
value of the AlT < 3.2 (Uchida et al., 2007). Thus, the Seridune granodiorite porphyry possesses 
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the signatures of mineralized rocks such as I-type granites with intermediate silica and volatile 
contents. 
 
10.3 Seridune intrusions 
The simplified geology plan and section illustrate the location of the pre-mineralization volcanic 
complex, least altered porphyritic granodiorite host rock, late barren dikes of intergranular quartz 
monzonite, and the porphyritic dacitic lava (cf. Figures 3.1 and 3.2). A comparison of the 
prominent characteristics of the magmatic rocks at the Seridune prospect is presented in Table 
10.1. 
The massive volcanic complex varies from pilotaxitic trachy-andesite to peripheral porphyritic 
andesite formed the geologic basement during Early to Middle Eocene times (Bazin and Hübner, 
1969; Shahabpour, 1982). The abundance of quartz veins in the andesite rocks is confined to the 
contact with the granodiorite intrusion and accounts for variations in the SiO2 contents. A slight 
increase of potassium can be accounted for by K-feldspar enrichment in the trachy-andesite 
rocks at the contact with intrusions. Generally, the andesite rocks are low in transition elements 
(Appendix 12.7; Table 12.28), with the exeption of sample SH126 with a  moderate Cu content 
of 0.1% Cu. due to the abundance of Cu-carbonate minerals formed by supergene processes. The 
MREE and HREE concentrations are enhanced relative to the porphyritic granodiorite rocks and 
show a flat pattern which is interpreted to represent a fore-arc, predominantly submarine setting, 
coeval with island arc, andesitic volcanism (Wilson, 1996; Figure 10.3B).  
The least altered prophyritic granodiorite and zoned minerals (e.g, plagioclase and hornblende; 
cf. Chapter 4) represent the subsurface emplacement of the granodiorite intrusions (cf. Sections 
10.1 and 10.2). The disequilibrium growth texture of porphyritic granodiorite points to rapid 
crystallization in the ascending melt due to vapor saturation (Lowenstern and Sinclair, 1996). 
The resorbed quartz phenocrysts indicate disequilibria conditions between the phenocrysts and 
the melt. This is commonly due to a rapid decrease in lithostatic pressure (depth) and 
undercooling of the ascending magma during crystallization (Candela, 1989). Pyrites formed 
within magnetite are inferred to be a subsolidus replacement of magnetite. The lamellae of 
martite hematite within magnetite indicate that this process may have taken place under 
oxidizing and subsolidus conditions (Craig and Vaughan, 1981).  
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Table 10.1 General characteristics of the volcanic and intrusive rocks in the Seridune prospect. 
 
 
 
 
 
Name Age Surface area
1 
(km2)
Texture
Plagioclase 
composition and 
grain size2 (mm)
Geometry Comments
Porphyritic 
andesite
Eocene 1.6 Porphyritic with 
aphanitic groundmass
An85 to An35 core to 
rim; <0.6
Massive volcanic 
complex underlies 
area
Bedrock with similar composition to 
pilotaxitic andesite-trachy andesite
Pilotaxitic trachy 
andesite
Late Eocene 0.5 Pilotaxitic with 
aphanitic groundmass
An85 to An35 core to 
rim; 0.6-1
Massive sheets at 
the contact with 
intrusion
Xenoliths in granodiorite intrusion
Porphyritic 
granodiorite
Late Miocene 3.5 Strongly porphyritic 
with microcrystalline 
groundmass
An50 to An20 core to 
rim; 1-2.6
Stock-dike pluton Host rock in Seridune prospect; at 
least two episode of intrusion
Intergranular 
quartz 
monzonite
Late Miocene 0.2 Hypidiomorphic-
idiomorphic 
intergranular
An50 to An40 core to 
rim; 0.5-1.8
NS dikes Late intrusive sequence of barren 
quartz monzonite dikes
Porphyritic 
dacite
Pliocene 0.8 Strongly porphyritic 
with glassy flow 
groundmass
<2.2 Massive lava overlies 
west of the area
Co-magmatic volcanic complex with 
similar composition to porphyritic 
granodiorite intrusion
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: 1Approximate surface area of intrusion; 2 Length of plagioclase grains. Abbreviations: An-anorithite component determined by optical and electronmicroprobe 
analyses. 
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Similar patterns of trace element concentrations for both the granodiorite porphyry and the 
intergranular quartz monzonite point to a genetic link (Figure 10.3A). However, MREE and 
HREE patterns are a useful indicator for discrimination between the mineralized granodiorite 
porphyry and the almost barren intergranular quartz monzonite (Figure 10.3B). It is assumed 
according to the intergranular texture indicating crystallization under equilibrium conditions that 
the late quartz monzonite dike might have formed at a low level in the central part of the 
Seridune intrusion. Furthermore, the high abundance of MREE and HREE points to a larger 
extent of magmatic differentiation. The REE distribution pattern is interpreted to represent a 
continental margin setting above the subducting oceanic plate. The host granodiorite is altered to 
various alteration types throughout the Seridune prospect. This late Miocene granodiorite 
porphyry (Bazin and Hübner, 1969) is overlain by the Pliocene volcanic dacite porphyry which 
is co-magmatic with the granodiorite intrusions as indicated by the porphyritic textures, similar 
mineral assemblages and age relationship. The presence of fresh phenocrysts and a glassy flow 
matrix are used to distinguish the porphyritic dacite from the granodiorite porphyry rocks (cf. 
Chapter 4 and Figure 4.11). This porphyritic granodiorite intrusion, is enhanced metal contents 
of approximately 90 ppm Cu (cf. Chapter 6) together with its favourable geotectonic setting (cf. 
Section 10.1 and 10.2) points to the fact that the Seridune prospect represents a porphyry system 
that warrants further attention. 
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Figure 10.3 (A) Spider diagram showing similar distribution patterns for porphyritic granodiorite, barren 
uartz monzonite and andesite. (B) REE-Chondrite (C1) normalized patterns displaying slight enrichment of q
MREE and HREE in barren quartz monzonite and andesite relative to granodiorite porphyry. 
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10.4 Seridune hydrothermal alteration and mineralization 
have a distribution similar to the 
0.4.1 Early hydrothermal alteration 
hyry Cu deposits is directly related to the emplacement of 
tion zone in porphyry Cu 
The hydrothermal alteration zones at the Seridune prospect 
model of porphyry Cu deposits (eg., Lowell-Guilbert Model, 1970; Figure 1.5). In general, when 
rocks and fluids are in contact, but out of chemical equilibrium, changes occur in the mineralogy 
of the rock. These changes are represented by typical hydrothermal alteration zones around the 
ore body. The following sections discuss the development and the origin of the hydrothermal 
alteration and mineralization stages in the Seridune prospect. The hydrothermal alteration and 
mineralization within the Seridune granodiorite porphyry developed in three temporally and 
spatially overprinting stages: the early, transitional and late (cf. Chapter 6). 
 
1
The potassic alteration zone in porp
high crustal level granodiorite porphyries (White, 1996). Stockwork fractures are generally 
developed in the potassic alteration zone due to the emplacement of porphyritic granodiorite 
intrusions and subsequent hydrothermal activity. Thus, the appearance of the stockwork zone in 
the quartz-sericite (phyllic) alteration (Figure 6.1) may indicate that the altered K-silicate 
stockwork is presented at a lower level, beneath the surface. Furthermore, the high-K 
hydrothermal fluid generated by the medium- to high-K calc-alkaline magma can develope a 
pervasive K-silicate zone (Chapter 4 and Figure 10.1). This stockwork zone is also associated 
with relict K-feldspar along quartz veins in the phyllic alteration zone.  
The “A” and “B” veins are always developed within the potassic altera
systems (Gustafson, 1975, 1995, Sillitoe, 2001). Hence, the appearance of these veins within the 
quartz-sericite (phyllic) alteration zone may indicate the existence of an earlier potassic 
alteration zone (Sillitoe, 2001; cf. Chapter 5) beneath the surface in the Seridune prospect. The 
K-feldspar-biotite (potassic) alteration extends from the granodiorite stock porphyry to the 
andesite wall rocks in the Sarcheshmeh porphyry Cu deposit (Shohabpour, 1982). The potassic 
alteration is characterized by an innermost zone, at the center of porphyry Cu deposits, which 
commonly also involves the quartz forming stockwork structure (Evans, 1993). Garza et al., 
(2001) discussed the effect of an early stage potassic alteration zone which can occur as 
pervasive alteration style and as alteration of some stockwork veins and veinlets in the porphyry 
systems. Cook et al., (2003) demonstrated that the considerable amount of Cu is deposited in the 
stockwork ore zone by early fluids which are associated with the potassic alteration zone. The 
temperature typically ascribed to the early K-silicate alteration is 500 to > 700°C (Beane and 
Titley, 1981; Bodnar, 1995; Hedenquist and Richards, 1998). The stability of hydrothermal 
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biotite in active hydrothermal systems is favored by near-neutral pH fluids and high chlorine 
concentrations at temperatures in excess of 300°C (Elders et al., 1981; Bird et al., 1984). The 
experimental data of Brimhall et al., (1985) indicates that the temperature of biotitization of 
hornblende ranges from 300° to 500°C via reaction10.1 (Guilbert and Park, 1999).  
 
Ca2(Mg3Fe2+Fe3+)AlSi7O22(OH)2 + K+ + H+ + H2SO4 → 3K(Mg2Fe)AlSi3O10(OH) + 2CaSO4 +  
eaction 10.2 shows the Ca-plagioclase by addition of sodium converts to sodic plagioclase 
(NaAlSi3O8-CaAl2Si2O8) + 2Na + 4SiO2 → (NaAlSi3O8)4-CaAl2Si2O8 + Ca2+  (10.2) 
 
he zone of chlorite-epidote (propylitic) alteration typically occurs between the central phyllic 
a2(Mg3Fe Fe3+)AlSi7O22(OH)2 + H+ → Mg4FeAl2Si3O10(OH)8 + SiO2 + Fe2+ + 2K+  (10.3) 
nbl ore z 
hlore is in equilib h mag atit , quar pyrite by petrographic 
he pistachio-green epidote clusters are abundant in the core of plagioclase and are conspicuous 
hornblende        biotite     anhydrite 
 
.3Fe0 3O4 + 4SiO2 + 2.5H2O + 0.7 O2 + Mg2+        (10.1) 
magnetite quartz 
 
R
(albite-oligoclase) with loss of Ca+2. 
 
+ 2
Ca-plagioclase      Na-plagioclase 
 
T
alteration zone and the distal unaltered wall rocks and forms an circular belt (width ~700 m) 
which extends from east to southeast of the Seridune prospect. Hydrothermal chlorite is 
ubiquitous in this zone. The mineral replaces hornblende and biotite in form of aggregates of 
very fine-grained and smooth sheets along the cleavage planes (Reaction 10.3; Guilbert and 
Park, 1999).  
 
2+C
hor ende           acid clinochl  quart
 
The clinoc rium wit netite, hem e tz and 
observation. The clinochlore contains the XMg (0.68, cf. Chapter 6.1) similar to the 
magnesium-rich hornblende (XMg = 0.67) as outlined in Chapter 4. The decrease of XMg indicates 
a decrease of clinochlore activity (aChl) in the hydrothermal fluids outward (cf. Walshe, 1986). 
The estimated fO2 and fS2 of the hydrothermal fluids involved in the propylitic alteration zone 
ranges from 10-38 to 10-44 and 10-13 to 10-16 respectively (Figure 10.4).  
 
T
within the quartz veins, especially in volcanic wall rocks. This may be caused by destruction of 
high-Ca plagioclase (An85-35) in the andesite volcanic rocks. Epidote that replaces plagioclase is 
defined by the chemical reaction 10.4 (Meyer and Hemley, 1967; Bowman et al., 1987). 
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(NaAlSi3O8-CaAl2Si2O8) + 2SiO2 + Na+ + H2O → Ca2Al3Si3O12(OH) + 3NaAlSi3O8 + H+(10.4) 
d   
 (cf. Chapter 
Figure 10.4 Calculated log fO2
and log fS  values from 
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 2
clinochlore compositions in the 
propylitic alteration zone of the 
Seridune porphyry. The 
schematic diagram is adapted 
from Norman et al. (1991). 
 
 
 
 
 
 
 
2
andesine       epi ote    
 
pidote and calcite were rarely observed together in the propylitic alteration zoneE
6). This may represent a mineral assemblage zonation in the alteration zone similarly to the ones 
described in other porphyry Cu deposits (Ballantyne, 1981; Norman et al., 1991). In general, 
epidote is stable in the outer margin of the propylitic alteration zone. Bulk rock geochemical 
analyses indicate that the concentrations of CaO (2.9 wt.%) and Na2O (4.4 wt.%) are decreased 
relative to the precursor rock (4.3 and 4.8 wt.% respectively). The high depletion of calcium and 
also the slight depletion of sodium are consistent with the destruction of Ca-feldspar. Browne 
(1978) and Kristmannsdottir (1979) reported that sodic plagioclase (e.g., albite) is stable in fluids 
of near-neutral pH, high Na activity and chlorine concentrations, over a temperature range from 
150° to > 300°C. The propylitic alteration probably indicates a magnesium and calcium 
metasomatism by neutral pH fluids at temperatures from 280° to 300°C, inferred from the 
stability of chlorite in active hydrothermal systems (Walshe, 1986). The stability limit of epidote 
in many active hydrothermal systems ranges from about 240°C (e.g. Wairakei, New Zealand, 
Steiner, 1977) to > 260°C (e.g. Broadlands, New Zealand, Browne and Ellis, 1970) in the neutral 
pH fluids. In the Bajo de la Alumbrera porphyry Cu deposit, the chlorite-epidote alteration does 
not overprint potassic mineral assemblages and may therefore have formed more or less 
simultaneously with the potassic alteration zone (Ulrich, 1999). Mass balance calculations 
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indicate that the propylitic alteration zone is characterized by both, mass and volume losses 
which are caused by the removal of major oxides and the addition of base metals. The sulphide 
abundance in the propylitic alteration zone is low and consists of very fine-grained pyrite, 
chalcopyrite, sphalerite and galena. The metal zoning pattern in the Seridune area indicates 
enhanced concentrations of Pb and Zn (> 400 ppm) across the propylitic alteration zone. 
 
10.4.2 Transitional hydrothermal alteration 
zed by an interconnecting 
(NaAlSi3O8 - CaAl2Si2O8) + 4H+ + 2K+→ 2KAl3Si3O10(OH)2 + 8SiO2 + Ca2+ + 4Na+ (10.5) 
             
  (10.6) 
he “A” and “B” veins are related to the progress of hydrothermal alteration and mainly occur in 
The transitional quartz-sericite (phyllic) alteration is characteri
network of veins which are superimposed on the early (K-feldspar and biotite) potassic alteration 
stage. Studies of porphyry Cu systems around the world have shown that the phyllic alteration 
zone develops after the potassic and propylitic alteration zones (Beaufort and Meunier, 1983; 
Titley, 1982). Pervasive phyllic alteration can be traced almost throughout the Seridune prospect. 
This late alteration as a result it has obliterated most existing rock textures, in particular in the 
quartz stockwork zone. The considerable amount of K2O infiltrated by the hydrothermal fluid 
flow affected the potassic alteration zone and subsequently stablized sericite and minor clay 
minerals (i.e. illite). The composition of sericite replacing K-silicates (i.e. K-feldspar and biotite) 
changes systematically by increasing mole fractions of potassium and muscovite activity from 
the distal portion (aMs = 0.41 and XK = 0.77) towards the proximal portion (aMs = 0.60 and XK = 
0.86) where the quartz stockwork zone is developed (cf. Chapter 6). The pervasive sericitization 
of K-feldspar is represented by the following chemical reactions (10.5 and 10.6; Meyer and 
Hemley, 1967; Mitchell et al., 1998):  
 
4
oligoclase                            acid                      sericite                          quartz 
 
3 KAl3Si3O8 + 2H+ → KAl3Si3O10(OH)2 + 6SiO2 + 2K+    
K-feldspar                            sericite 
 
T
in the potassic alteration zone of porphyry Cu systems emplaced near the surface (Sillitoe, 2001; 
Gustafson 1975, 1995). In Seridune, the “A” and “B” veins are observed in several samples from 
the proximal part of the phyllic alteration zone (stockwork zone), characterized by abundant 
quartz veins and veinlets as well as intense sericitization. The vein abundance decreases away 
from the stockwork zone. The occurrence of “A” and “B” veins in the phyllic alteration zone 
implies that this zone overprints the earlier subsurface potassic alteration in the center of the 
Seridune prospect. Sillitoe (2001) and Hezarkhani (1999) noted that the later phyllic alteration is 
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superimposed on the early-stage potassic alteration by a continuous decrease in temperature. The 
Seridune intrusion and related deformational patterns (i.e. stockwork zone, and quartz 
veins/veinlets) are similar to the magmatic and structural make-up of other shallow subvolcanic 
porphyry Cu deposits such as El Salvador in Chile (Gustafson and Hunt, 1975; Gustafson, 1995) 
and San Juan deposit in Arizona (Heidrick and Titley, 1982). The phyllic zone has a relatively 
constant fracture density which is higher than in the other more peripheral alteration zones of the 
Seridune prospect (cf. Chapter 5). The Cu grades increase from the distal portion of the phyllic 
alteration towards the proximal portion where the quartz stockwork zone contains high Cu 
content. The altered sulphides of micron-scale and egg-shaped grains comprise pyrite ± 
chalcopyrite with traces of bornite. They are commonly replaced by hematite, goethite, jarosite, 
malachite and azurite in the supergene environment. Chalcopyrite is inferred to be a product of 
sulphidation processes of early bornite from the potassic alteration zone. This is represented by 
the chemical reaction 10.7 (cf. Mitchell et al., 1998): 
 
Cu5FeS4 + 1.3Fe3O4 + 6H2S + 0.3O2 → 5CuFeS2 + 6H2O     (10.7) 
 
ass balance calculations indicate that the losses of CaO, Na2O, MgO, Fe2O3 and gains of K2O 
ermometric data of Type I (liquid rich) fluid inclusions from quartz veins/veinlets in the 
bornite            magnetite                                      chalcopyrite 
 
M
are due to the sericitization of feldspar and ferromagnesian minerals. S, Cu, Pb, Rb and Ba are 
commonly enriched in the phyllic alteration zone. Cu has a significant enrichment factor of 157 
(cf. Chapter 7) particularly in the quartz stockworks in the proximal part of the phyllic alteration 
zone. The enrichment of Rb is interpreted to be preferentially concentrated in muscovite and 
illite. Rb tends to be preferentially concentrated in micas relative to K-feldspar (Armbrust et al., 
1977). Generally, the phyllic alteration zone is characterized by variable amounts of cation 
leaching (e.g. K+, Na+, Ca2+ and/or Mg2+) from the central potassic alteration zone (e.g. Chavez, 
2002). 
Microth
phyllic alteration zone indicate homogenization temperatures and salinities range from 225° to 
331.9°C, and 11.0 to 21.7 wt.% NaCl(equil), respectively (cf. Chapter 9). This homogenization 
temperature range is lower than in the phyllic alteration zone in the Sungun porphyry Cu deposit 
(~560°-580°C, ~15 wt.% NaCl; Calagari, 2004) and equal to that of the Sarcheshmeh porphyry 
Cu deposit (260°-350°C, Etminan, 1981). The prominent development of a pervasive phyllic 
alteration zone with abundant sulphides hosted by a quartz-bearing granodiorite porphyry are 
positive criteria for the economic potential of a porphyry system (Hollister, 1978). In some 
porphyry deposits, this type of alteration may contain significant Cu in form of chalcopyrite 
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(Reynolds and Beane, 1985). Much of the quartz-sericite zone of the Seridune prospect is 
transected by a swarm of steep, mainly, north striking veins of advanced argillic alteration. 
 
The quartz-clay (argillic) alteration is characterized by the bleaching of abundant feldspar at the 
KAlSi3O10(OH)2 + 2H  + 3H2O → 3Al2Si2O5(OH)4 + 2K+     (10.8) 
aolinite is usually volumetrically the most abundant clay phase, but dickite was also observed 
e3O4 + 6H2S + 3O2 → 3FeS2 + 6H2O        (10.9) 
 0.5O → 3F         (10.10) 
havez (2001) noted that the cation leached from the phyllic alteration zone stabilizes a series of 
0.4.3 Late hydrothermal alteration 
llite) advanced argillic hydrothermal alteration is a 
Seridune prospect. The composition of the relict feldspar is An30-10 and the mole fraction of XK 
in feldspar varies from 0.35 to 0.14. This figure is lower than the one in the phyllic alteration 
zone (0.77-0.86; cf. Chapter 6). Sericite, when under acid attack (low pH) of a hydrothermal 
solution produces a series of phyllosilicates (e.g., kaolinite, dickite), which are represented by 
reaction 10.8 (Guilbert and park, 1999).  
 
+2
sericite                                                              kaolinite 
 
K
in the argillic alteration zone in the Seridune porphyry system. The clay minerals are commonly 
accompanied by pyrite, enargite, hematite and limonite. This mineral assemblage formed around 
the oxidized pyrite shell throughout the southeast portion of the Seridune prospect (reactions 
10.9 and 10.10; White, 1996). 
 
F
magnetite     pyrite 
 
2Fe3O4 + 2 e2O3  
magnetite          hematite 
 
C
phyllosilicates such as clays and chlorite. In some porphyry deposits, this alteration type may 
contain significant amounts of Cu in form of chalcopyrite (Reynolds and Beane, 1985). Mass 
balance calculations indicate that Na2O is increased due to the formation of albite. The addition 
of Fe2O3 corresponds to the relatively high abundance of pyrite and iron-oxides. The increase of 
Zn (1.5-fold) in the argillic zone is similar to the propylitic alteration zone at the Seridune 
prospect (cf. Chapter 7). 
 
1
The late (quartz-alunite-pyrophy
feldspar-destructive alteration type that overprints the phyllic alteration zone at the center of 
Seridune porphyry system. Gustafson and Hunt (1982) concluded that the late advanced argillic 
alteration appears to encroach downward and overprinted the previous alteration assemblage at 
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El Salvador. The highly variable contents of silica and aluminium oxide can be explained by the 
presence of variable mounts of quartz veins and aluminosilicate minerals (e.g. pyrophyllite, 
alunite, diaspore and clay minerals).  
Mass balance calculations show that the major oxides (e.g. Fe2O3, MgO, CaO) and alkalis are 
l2Si2O5(OH)4 + 2SiO2 → Al2Si4O10(OH)2 + H2O       (10.11) 
l2Si4O10(OH)2 + 2K+     (10.12) 
ical reactions (reactions 10.13 and 10.14) under 
Al3Si3O10(OH)2 + 4H  + 2SO42- → KAl3(SO4)2(OH)6 + 3SiO2     (10.13) 
 2K+ + 9SiO2     (10.14) 
n the Seridune prospect, the comb-quartz veins (“D”) are spatially and temporally related to the 
depleted due to the complete destruction of ferromagnesian minerals, plagioclase, K-feldspar and 
sericite which are replaced by pyrophyllite, alunite, and hydrated-aluminosilicate minerals. The 
concentration change shows that Cu, Mo, Rb, Ba and Zn are moderately depleted whereas Sr, 
Pb, and Cs are slightly enriched. The widespread occurrence of the advanced argillic alteration at 
Seridune is characterized by a low (a[K+]/[H+]) ratio in the hydrothermal fluid (cf. Table 10.2). 
This explains the formation of pyrophyllite in the advanced argillic alteration zone where fluids 
were rather acidic (pH < 4) and fluid-rock ratio relatively high (reactions 10.11 and 10.12; Reed, 
1997; Brimhall and Ghiorso, 1983; Meyer and Hemley, 1967).  
 
A
kaolinite              quartz                 pyrophyllite 
 
KAl2 3Si3O10(OH)2 + 6SiO2 + 2H+ → 3A
muscovite/sericite         quartz                      pyrophyllite 
 
Alunite forms according to the following chem
acidic fluid condition when iron is absent and aluminum, as in kaolinite is present (Deyell et al., 
2005; Plumlee et al., 1998): 
 
+K
muscovite/sericite                                                      alunite 
 
3KAlSi3O8 + 6H+ + 2SO42- → KAl3(SO4)2(OH)6 +
K-feldspar                                           alunite 
 
I
late-stage advanced argillic-silicic alteration. Microthermometric data on Type I liquid-rich 
inclusions in comb-quartz shows that Th and salinity are rather variable and range from 170° to 
301°C, and 7.2-18.4 wt.% NaCl eq., respectively. The formation of pyrophyllite within the 
advanced argillic mineral assemblage suggests a temperature range of ~300° to 360°C (Bowers 
et al., 1984), which corresponds to the formation temperature of pyrophyllite in the Seridune 
prospect. The stable temperature range of kaolinite (or dickite) in active hydrothermal systems in 
New Zealand and the Philippines is ~150° to 270°C (Browne, 1978; Reyes, 1990a). In the 
epithermal near-surface environment (T ≤ 250°C), the advanced argillic mineral assemblage (e.g. 
alunites and iron oxides) is stable under low pH, high fO2 and fS2 condition (Yilmaz, 2003). This 
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condition is appropriate for the transport and precipitation of volatile components such as Hg, 
As, Sb and S (cinnabar, realgar, orpiment, enargite, stibnite and covellite (Plumlee et al., 1998). 
The low concentration (below detection limit) of these elements at Seridune suggests the absence 
of an epithermal mineralization. The advanced argillic alteration in the shallow hypogene 
environment of many porphyry Cu deposits (e.g. Red Mountain, El Salvador, Indonesia) is 
characterized by the presence of quartz, alunite and Cu minerals (Gustafson and Hunt, 1982). 
The vein-related quartz±pyrophyllite (silicic) alteration is distinct within the advanced argillic 
l2Si2O5(OH)2 + 3H2SO4 → Al2(SO4)3 + 2SiO2.H2O + H2O     (10.15) 
his style of silicification is quite common and may be called “silica flooding”, because of the 
0.5 Supergene leached capping 
 throughout the Seridune prospect (Shahabpour, 1982). The 
zone by the occurrence of vuggy quartz and chalcedony with colloidal texture. Occationally, 
enhanced Cu values can be observed while the range of Cu is from 44.6-1007 ppm. This is due 
to the presence of Cu sulphides such as chalcopyrite and bornite in the veins. Epithermal systems 
commonly show enrichments of elements like Au, Se, As, Bi, Ba, and Sb (McLaughlin and 
Sherlock et al., 1995) but these elements are not enriched in the silicified zone at Seridune. 
Howerever, in places As values are as high as 452 ppm (cf. Chapter 6 and 7). The general 
observation is that the quartz veins formed slightly later than the advanced argillic selvages and 
completely replaced pre-existing mineral assemblage (reaction 10.15; Guilber and park, 1999).  
 
A
pyrophyllite                                                            opal 
 
T
replacement of the rock by microcrystalline quartz (chalcedony). The pronounced leaching of 
cations from the advanced argillic alteration zone to the silicification process are accomodated 
by high porosity (Yilmaz, 2003). Silicification can occur over a wide range of temperatures 
(Bogie and Lawless, 1999) and at temperatures from ~300° to 360°C, where pyrophyllite is 
stable, quartz is soluble and this causes silica to be leached by acid fluids from the wall rock 
(Proffett and Dilles, 1998). 
 
1
Intensive weathering has occurred
pervasive phyllic alteration zone (cf. Figure 6.1) with its high fracture density (cf. Chapter 5) and 
abundant sulphide minerals (cf. Chapter 6) has suffered the most intensive supergene alteration. 
Reactions 10.16 and 10.17 indicate that sulfuric acid forms due to the the weathering of sulphide 
minerals (ARD, acid rock drainage) in the leached capping zone (Titley, 1982). Oxygenated 
meteoric water dissolves sulfide minerals (cf. Chapter 5) and leaches the ore-metals (Bouzari, 
2002). Thus, the abundance of goethite, limonite, jarocite and Cu-carbonates testify to the 
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occurrence of an extensively leached zone obove the water table at the Seridune prospect (cf. 
Chapter 6). Jarocite occurs as granular patches replacing chalcopyrite and is associated with 
limonite. Growitz (2005) and Titley (1982) noted that the supergene alteration is commonly 
characterized by a large number of iron oxides. 
 
4FeS2 + 7H2O + 141/2 O2 → 2FeO(OH) + 6H2SO4 + 2FeSO4    (10.16) 
 
u4(OH)6SO4 + 7H2SO4 + 2CuSO4 + 2FeSO4  (10.17) 
 
   (10.18) 
aolinite in the leached capping zone is partly formed from albite which was attacked  by acid 
NaAl Si3O8 + 2H  + 9H2O → H4Al2SiO9 + 2 Na+ + 4H4SiO4    (10.19) 
xperimental and thermodynamic data on equilibrium stabilit of cupric ion and ferrous ion 
u  + H4SiO4 → CuSiO3.H2O + 2H+       (10.20) 
he leached zone at Seridune contains abundant carbonate minerals to form malachite instead of 
Pyrite                                              goethite       acid 
 
6CuFeS2 + 12H2O + 25O2 → 4 FeO(OH) + C
Chalcopyrite                                       goethite                                       acid 
 
Fe2O3 + 3H2O → 2Fe(OH)3      
hematite                      goethite 
 
K
solutions (reaction 10.19; Titley, 1982).  
 
+2
albite   supergene solution  kaolinite 
 
E
demonstrate that the solubility of Cu and iron is determined by the pH and pO2 of the solution 
(Figure 10.5, Titley, 1982). Moderate pH (6-8) and Eh (> 0.5) solutions control the supergene 
minerals like malachite and goethite above the groundwater table (Bouzari, 2002). Chrysocolla 
forms instead of brochantite when the capillary solution is high in dissolved silica (reaction 
10.20, gulber and park, 1999).  
 
2+C
         chrysocolla 
 
T
brochantite. During weathering, the released iron was transported in low-pH waters and 
precipitated initially as ferrihydrite in neutral pH area, with subsequent conversion to goethite. 
(reactions 10.17 and 10.18). The high intensity of iron staining in the leached capping at 
Seridune is related to the iron content of the original sulphides. Significant leaching of iron from 
a capping does not occur because of the formation of  hematite or jarosite. At Seridune goethite 
and jarosite occur together with Cu carbonates which means that the jarositic capping formed by 
oxidation of the pyrite-chalcopyrite zone. This is according to the broad classification scheme of 
leached capping zones after Titley (1982). The thickness of the leached capping increases from 
the west to the quartz stockwork zone at the center of the porphyry system where the 
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sulphide-oxide ore and fracture density are best developed. A reduced supergne zone as a 
chalcocite blanket may occurr at depth as is suggested from cores drilled in 1979 at the west 
border of the Seridune area. Thus, the presence of quartz stockwork fractures with abundant Cu 
carbonate and iron-oxide minerals in the center of the phyllic alteration zone implies that the 
chalcocite blanket may be present also beneath the quartz stockwork zone in an approximate 
elevation of 2544 m.a.s.l. Furthermore, the arid climatic condition and characteristics of the 
leached capping are favorable for extensive supergene enrichment that may enhance the 
economic efficiency of the Seridune porphyry Cu prospect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.6 Chemical discriminations between hydrothermal alteration zones 
e hydrothermal mineral assemblages and intensity of alteration are 
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Figure 10.5 Eh-pH 
diagram showing the 
stability fields of Cu and 
iron minerals in the 
system Cu-S-H2O and 
Fe-S-H2O. Malachite and 
goethite form under 
neutral pH and > 0.5 V 
Eh in the leached capping 
zone at Seridune 
prospect. 
 
1
10.6.1 Major elements 
The dispersion of th
investigated by the millicationic R1 [R1 = 4Si -11(Na + K) -2(Fe + Ti)], R2 [R2 = 6Ca + 2Mg + 
Al] diagram (Figure 10.6; De La Roche et al., 1980). For comparison, the chemical composition 
of the least altered porphyritic granodiorite is also incorporated into the diagram (Figure 10.6). 
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This porphyritic granodiorite is affected only by weak chlorite-epidote alteration (~5-10% 
replacement of plagioclase and hornblende). The trend of increasing alteration intensity starting 
from the least altered rocks is represented by an arrow in Figure 10.6. It reflects the chemical 
variation imposed by hydrothermal fluid on the original igneous composition that resulted in the  
distinct alteration parageneses including early chlorite-epidote (propylitic), transitional 
quartz-sericite (phyllic), late quartz-alunite-pyrophyllite (advanced argillic) and 
quartz±pyrophyllite (silicic). The complete replacement of primary hornblende, biotite and 
plagioclase by chlorite and epidote defines a trend from the least altered rock to the propylitic 
alteration. The destruction and replacement of plagioclase by sericite and sericite by pyrophyllite 
dlinetaes a trend towards the late advanced argillic alteration (cf. Section 10.5). Samples from 
the quartz-clay (argillic) alteration zone are not displayed in Figure 10.6. This is because of the 
abundance of clay minerals with variable amounts of major elements. The slightly increase of R2 
towards the late advanced argillic alteration is due to the abundance of 
hydrated-aluminosilicates. In general, the alteration trend can be explained by the decrease of Al, 
Ca, Mg, Na and K and an increase of Si as a result of the destruction of mafic minerals and 
plagioclase.  
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10.6.2 Trace elements 
tions (Figure 10.7A) indicate that K, Rb and Ba are very susceptible to 
0.6.3 Rare earth elements 
emobilized during the granite alteration, particularly the K-silicate 
ks display the strongest REE depletion, 
low REE concentrations (Michard, 1989).  
Trace element distribu
metasomatic changes during hydrothermal alteration. Low concentration of K, Rb and Ba are 
indicators of  the advanced argillic and silicic alteration zones at Seridune. Rb is enriched up to 
two fold the concentration change (∆C; cf. Chapter 7) in the phyllic alteration zone. It might be a 
useful indicator to locate the phyllic alteration for exploring porphyry Cu mineralization. 
Furthermore, weathering does not seem to affect the distribution of Rb in rocks from the leached 
capping zone (Armbrust et al., 1977). In the Seridune prospect, The bladed barite (cf. Chapter 6) 
in the advanced argillic alteration zone is inferred to cause the inconsistent behavior of Ba.  
 
1
REE can potentially be r
(potassic), sericitic, argillic and propylitic alterations (Alderton et al., 1980; Schneider and 
Özgür, 1988; Ward et al., 1992 and Poitrasson, et al., 1995). In the Seridune prospect, REE 
concentrations were slightly modified during hydrothermal alteration, mainly LREE and HREE 
(Figure 10.7B). The REE concentrations in the altered rocks tend to decrease with increasing 
alteration intensity from the propylitic, through the quartz-sericite (phyllic) to the late 
quartz-alunite-pyrophyllite and quartz±pyrophyllite alteration zones (Figure 10.7B). The overall 
depletion of REE is closely related to the stability of hydrothermal minerals during alteration. 
The LREE in the chlorite-epidote alteration zone are slightly enriched, which may indicate that 
chlorite and epidote preferentially provide a geochemical accommodation for the released REE 
during the breakdown of the primary phases. The quartz-sericite (phyllic) alteration zone is 
relatively enriched in the HREE, due to the ability of sericite and possibly illite to absorb the 
released elements. Michard (1989) concluded that acid-sulfate hydrothermal solutions (low-pH) 
that causes sericite alteration show relatively high concentration of REE, distinctly Nd and Yb. 
The absolute Yb concentration in the altered rocks decreases with increasing alteration intensity 
(Appendix 12.7; Table12.28) at the Seridune prospect.  
The quartz-alunite-pyrophyllite (advanced argillic) roc
which is explained by the complete breakdown of the primary feldspar and sericite during 
alteration and the inability of the hydro-aluminosilicates to fix all released elements. The 
maximum depletion of REE observed in the quartz±pyrophyllite (silicic) zone is also due to the 
lack of appropriate minerals to accommodate REE. Schneider and Özgür (1988) observed that 
the REE are progressively released from the rocks which correlates well with the increase in the 
hydrothermal attack with its maximum in the silicified center. All waters with pH > 7 have very 
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Figure 10.7 (A) Spider diagram showing geochemical differences between the propylitic, phyllic, advanced 
argillic and silicic alterations. The advanced argillic and silicic alteration indicate low concentration of K, Rb, 
and Ba. (B) Chondrite (C ) normalized REE distribut rns displaying slight decreases of REE with 
al sericite: Implications for physicochemical 
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10.7 Compositional variation of hydrotherm
c
 
10.7.1 Hydrothermal sericite 
he compositional variation of the hydrothT
quartz-sericite (phyllic), qua
argillic) alteration zones have been described in Chapter 6. This section is to discuss the 
implications of the sericite compositional changes for the physicochemical conditions of the 
hydrothermal fluids. The calculation of activity-composition relations of the white-mica solid 
solution (Bird and Norton, 1981; Parry et al, 1984 and Arifudin, 2006) indicates that the 
maximum activity of muscovite (aKAl2AlSi3O10(OH)2) ranges from 0.417 to 0.829 associated with 
the center of the phyllic alteration zone (quartz stockwork) while the highest activity of 
pyrophyllite (aAl2Si4O10(OH)2 varies from 0.001 to 0.045 in the advanced argillic alteration zone 
(Table 10.2).  
Paragonite (aNaAl2AlSi3O10(OH)2) activities range from 0.003 to 0.123 (Table 10.2). The mole 
fraction of pot
for the central quarz-sericite (phyllic zone, n = 28), 0.53-0.91 for the transitional quartz-clays 
(argillic; n = 20), and ≤ 0.022 for the late quartz-alunite-pyrophyllite (advanced argillic; n = 20; 
Appendix 12.5, Tables 12.18, 12.19). Sericite associated with the quartz stockwork in the central 
quartz-sericite (phyllic) is more homogeneous than sericite in the late advanced argillic 
alteration. In general, the activities of sericite solid solution decreases and the chemical 
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variability increases from the transitional central quartz-sericite (phyllic), through the 
quartz-clays (argillic) to the late quartz-alunite-pyrophyllite (advanced argillic) alteration zones 
(Table 10.2). The chemical inhomogeneity of sericite could also suggest that it may contain 
quartz and other minerals (Bishop and Bird, 1987).  
The mineralogical/chemical inhomogeneity of sericite increases with the decrease of formation 
temperatures of the alteration zones. The formation 
                                                                Transitional                   Late
Activity composition Quartz-sericite (Stockwork zone) Quartz-sericite (Distal zone) Quartz-clays Quartz-alunite-pyrophyllite
a Musc 0.417 - 0.829 0.003 - 0.580 0.239 - 0.540 ≤0.007
a
ovite
Paragonite 0.0180 - 0.061 0.003 - 0.030 0.003 - 0.123 ≤0.019
a Pyrophyllite 0.001 - 0.045 0.009 - 0.435 0.016 - 0.161 ≤0.963
temperature varies from 273° to 246°C for 
ctivities in sericite from the central phyllic (quartz 
gillic zone, and the late advanced argillic alteration 
ne. 
 
Note: aMuscovite is the activity of muscovite. 
 
ompa rospect with the Sarcheshmeh Cu deposit  
he Seridune prospect is located in a continental margin setting (cf. Section 10.1), similar to the 
Colorado; El 
ith the third episode of porphyry Cu 
the transitional phyllic and the late advanced argillic alteration zone, respectively. The Xk content 
of sericite has a negative correlation with XMg, (Appendix 12.5; Table 12.18). The decrease of 
the Xk in fluids correlates well with a decrease of the average Cu contents in the altered rocks 
from the central phyllic, transitional quartz-clays, to the late advanced argillic alteration zones. 
This relationship supports the idea that Xk is an important indicator for Cu during the 
development of alteration zone. It further means that the center of the phyllic alteration zone 
which has abundant hydrothermal sericite with high Xk could be superimposed on the central 
subsurface K-silicates (potassic) alteration zone. 
 
Table 10.2 Muscovite, paragonite, and pyrophyllite a
stockwork), the distal phyllic zone, the transitional ar
zo
10.8 C rison of the Seridune p
 
T
setting of porphyry deposits in North and South America (e.g., Henderson, 
Salvador, Ann-Mason). Table 10.3 provides a comparative summary of the characteristics of 
selected porphyry deposits in an continental margin setting. The porphyry deposits in North and 
South America are characterized by at least three major pulses of development: 1) late 
Cretaceous to Paleocene, 2) late Eocene to Oligocene (~45 to 30 Ma), and 3) late Miocene to 
early Pliocene (Central Andes; Titley and Beane, 1981).  
The Seridune intrusion (Bazin and Hübner, 1969) and the Sarcheshmeh granodiorite porphyry 
(late Miocene; McInnes et al., 2003) are comparable w
development in the Central Andes. The age of the basement volcanic andesite is Eocene for the 
Seridune prospect as well as the Sarcheshmeh porphyry system (Bazin and Hübner, 1969). The 
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ages of the volcanosedimentary basement rocks that host the porphyry systems in island arc 
settings vary from Late Cretaceous to Miocene (Cook et al., 2005). 
 
Table 10.3 Summary of host rocks and causative intrusions for selected
Name and location Host rocks and age
Causative intrusions, emplacement age (Ma) 
(Duration of hydrothermal system1, M.y.) Refrence
Grasberg, Irian Jaya, 
Cretaceous and Tertiary sedimentary and 
carbonate rock, Pliocene andesiteic-
MacDonal and Arnold (1994); 
McDowell et al. (1996); 
Indonesia monzodioirtic diatreme Main Grasberg monzodiorite porphyry, ~3 (<0.82) Weiland and Cloos (1996)
Henderson, Colorado Precambrian granite Rhyolite-granite porphyries, 28-23 (0.6-1.2; Ar/Ar)
White et al. (1981); Seedorf 
(1988); Carten and Snee 
(1995)
Park Premier Stock, 
Wasatch Mtns, Utah
Triassic Siltstone and limeston, Early 
Oligocene andesitic-rhyodacitic volcanic and 
volcanoclastic rocks
Granodiorite porphyries, Park Premier stock, 
34>x>32 (<2; K/Ar) John (1989a, b); Clark (1993)
Bingham, Utah
Pennsylvanian sedimentary rocks and 
limestone, Eocene quartz monzonite Quartz monzonite porphyry, ~38 (2.1; K/Ar)
Babcock et al. (1995); Bodnar 
(1995); Warnaars et al. (1978)
El Salvador, Chile
Late Cretaceous andesitic volcanic and 
Eocene rholitic volcanic rocks
Granodiorite porphyries, ~41 (1.2; K/Ar or 0.4; Re-
Os, preferred)
Gustafson and Hunt (1975); 
Gustafson, (1995) Watanabe 
et al. (1999)
Ann Mason-Yerington, 
Nevada
Triassic to Early Jurassic sedimentary and 
volcanic rocks
Granite porphyry, Yerington batholith, 169-168 
(1.0; U-Pb)
Dilles and Einaudi (1992); 
Dilles and Wright (1998)
Sarcheshmeh, Iran
Late Miocene granodioirte to quartz 
monzonite
Sarcheshmeh Granodiorite porphyry, ~13.6 (0.16; 
U-Pb, U-Th/He)3 McInnes and Evans (2003)
 deposits of continental margin 
gs. 
 
Note:1Inferred duration of system, compiled from references cited and Marsh et al. (1997); 2 age difference between 
K/Ar biotite and fission-track apatite at Grasberg; 3 age determined from zircon U-Pb, and zircon (U-Th)/He and 
atite (U-Th)/He. 
truded by stock-dike late fine monzonite porphyry and several porphyritic dikes which consist 
 
settin
 
ap
 
The Sarcheshmeh Cu-Mo-(Au) deposit comprises a granodiorite stock porphyry that was 
in
of early hornblende granodiorite (intera-mineralization), late hornblende granodiorite 
(late-mineralization), feldspar granodiorite (post-mineralization) and biotite granodiorite 
(post-mineralization; Shahabpour, 1982). The core of the stock consists of K-feldspar alteration 
but a strong to weak biotitic alteration is also present in the andesitic wall rock. These zones are 
overprinted by the phyllic alteration zone. The propylitic alteration zone enveloped the whole 
complex including the andesitic wall rocks (cf. Figure 2.4.). The mineralized host rock includes 
the Miocene porphyritic granodiorite stock and the Eocene andesites. Cu mineralization is 
associated with the potassic K-feldspar and biotite alteration. Ore minerals are mainly pyrite, 
chalcopyrite and molybdenite, with trace amounts of bornite. The age relationship between the 
alteration types indicates that the propylitic hydrothermal alteration is contemporaneous or 
younger than the potassic alteration but older than the phyllic alteration zone. The main Cu oxide 
minerals are malachite, azurite and supergene sulphide minerals are chalcocite, covellite and to a 
lesser extent digenite. Table 10.4 is a comparative summary of the major characteristics of the 
Seridune prospect with that of the Sarcheshmeh porphyry Cu deposit.  
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Table 10.4 Comparative summary of the Seridune prospect with the peripheral Sarcheshmeh 
porphyry Cu deposit. 
 
 
 
Characteristics Seridune prospect Sarcheshmeh porphyry copper deposit1
Geologic setting Composite pluton, spheroidal-oval 
shape intruded by affiliated dikes
Composite pluton, oval shape intruded by
affiliated dikes
Structural setting
 
N-NE trending faults N-NE trending faults
Fractures NW-NE trending localized mainly in 
central phyllic zone
Veins "A", and "B" veins, localized in central 
phyllic zone, abundant "D" comb 
quartz veins within advanced argillic 
zone
Mineralized Vim and VIK  veins localized in K-
feldspar and biotite alteration
Causative intrusions
Age of emplacement Late Miocene Late Miocene (~13.6 Ma)2
Level of emplacement  ~3.9 km below paleosurface 3-4 km below plaeosurface
Composition Granodiorite (63.06% SiO2; 17.64% 
Al2O3; <0.1% MgO; 2.36% K2O)
Granodiorite (65.78% SiO2; 16.10% Al2O3; 
0.89% MgO; 4.61% K2O)
Texture Porphyritic Porphyritic
Phenocrysts Quartz, plagioclase, hornblende, biotite Quartz, plagioclase, hornblende, biotite
Groundmass Quartz, microlites of K-feldspar and 
plagioclase
Quartz-K-feldspar-hornblende-biotite
Hydrothermal alteration
Potassic Not outcropped K-feldspar and biotite alteration in the 
granodiorite and andesite wall rocks
Propylitic Chlorite-epidote Chlorite-epidote-calcite-albite-quartz-clays
Phyllic Quartz-Sericite Quartz-sericite
Argillic quartz-clay
Advanced argillic quartz-alunite-pyrophyllite
Silicic Quartz±pyrophyllite
Mineralization
Copper sulfides Relict fine grained of pyrite and 
chalcopyrite
pyrite, chalcopyrite and molybdenite with trace 
amounts of bornite
Metal grade Typically >0.1%Cu; >30ppm Mo 
around central phyllic zone
Typically ~0.7% Cu; 0.03% Mo; 0.1g/t Au
Leached capping minerals Malachite, azurite, goethite and jarocite Malachite, azurite
 
 
Note: 1The description of Sarcheshmeh porphyry Cu deposit is based on data from Shahabpour, 1982. 2 the 
age data is from McInnes and Evans, 2003; Vim = mineralized vein, Vik = K-feldspar vein.  
he similar geologic setting, petrography and geochemistry of the rocks from Seridune and 
Sarches iddle to late 
iocene times (cf. Chapter 2). Furthermore, they are related to the Urumieh-Dokhtar magmatic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T
hmeh may indicate that they have developed contemporaneously during m
M
arc, a major volcanic-plutonic metallogenic belt in Iran. The abundance of pyrophyllite in 
assemblages of the late-stage advanced argillic alteration (cf. Chapter 6) implies that the altered 
granodiorite intrusion at Seridune is typical of a continental margin setting. The zone of chlorite 
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and epidote alteration in the periphery of the Seridune porphyry centers has analogues with 
Bingham, El Salvador and Sarcheshmeh (Cargill et al., 1976; Gustafson, 1975, 1995; 
Shahabpour, 1982). A similar progression of vein types is recorded in many porphyry deposits, 
characterized by early “A”, transitional “B”, and late “D” veins (Cannell, 2005; Gustafson and 
Hunt, 1975). The porphyry centers in the study area also contain these vein types. The “D” veins 
crosscutting the advanced argillic alteration at Seridune contain low concentrations of Au (< 0.11 
ppm). The metal distribution patterns at Seridune are typified by the central Fe-Cu, proximal Mo 
and distal Pb-Zn zone (cf. Chapter 6). This is similar to other porphyry systems which are hosted 
by a silicate-dominated wall rock alteration (e.g., Kalamazoo, Arizona, Chaffee, 1982; Mineral 
Park, Arizona, Lang and Eastoe, 1988). 
 
10.8.1 Mineral chemistry  
The chemistry of major minerals was determined in both the Seridune prospect and the 
archeshmeh deposit by EMPA. Plagioclase crystals in the least altered porphyritic granodiorite 
ing textures similar to those in the Sarcheshmeh Cu porphyry. Figure 
S
from Seridune reveals zon
10.8A provides a comparative summary of plagioclase chemistry for both districts which ranges 
from An50 to An20, (Andesine-oligoclase). The chemistry of biotite in the Seridune prospect and 
Sarcheshmeh Cu deposit has a phlogopitic composition. The Fe2+/Fe2+ + Mg2+ ratio increases 
slightly in the Seridune prospect (0.34-0.46) relative to the Sarcheshmeh Cu deposit (0.33-0.39; 
Figure 10.8B), whilst the Mg2+/Mg2+ + Fe2+ ratio of the biotite from Seridune (0.54-0.62) is 
lower relative to Sarcheshmeh (0.61-0.67). This difference may be explained by the presence of 
fine-grained iron oxides concentrated along the cleavage planes of biotite crystals from Seridune. 
Furthermore, the AlIV content of the Seridune biotites (2.31-2.50) is higher than that (2.14-2.22) 
in Sarcheshmeh. Ferromagnesian minerals such as hornblende and biotite are replaced by 
abundant chlorite mainly in the propylitic alteration zone at the Seridune and Sarcheshmeh 
porphyries. Microprobe analyses of chlorite from the Seridune and Sarcheshmeh porphyries 
indicate a clinochlore composition with Mg2+/(Fe2+ + Mg2+) ratios ranging from 0.50 to 67 in 
both cases. A complete coincident of the clinochlore compositions from the Seridune and 
Sarcheshmeh granodiorite porphyries are shown in Figure 10.9. The chemical data from 
amphibole indicate that amphiboles of mineralized rocks are characterized by increasing MgO 
from core to rims. This trend is attributed to the high initital fO2 in the melt and a relative 
increasing during crystallization (Mason, 1978). This is also the case in hornblende from 
granodiorite rocks at Seridune (cf. Chapter 4).  
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Figure 10.8 (A) Representative feldspars from the Seridune prospect and the Sarcheshmeh Cu deposit show a 
similar range in compositions (An35-25). (B) Biotite discrimination diagram (Rieder, et al., 1998) displaying 
hemical differences for biotite from both localities. 
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C
a)Figure 10.9 The magnesium 
composition of chlorite 
(clinochlore) replaced the 
hornblende and biotite in 
the granodioirte rocks from 
the Seridune prospect and 
the Sarcheshmeh Cu 
deposit. 
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10.8.2 Trace elements 
race element concentrations show a major depletion in Sr and P in the Sarcheshmeh 
ranodiorite porphyry compared to the Seridune granodiorites. K, Rb and Ba are higher in all 
dune prospect and Sarcheshmeh granodiorite porphyries (Figure 10.10A). 
eshmeh porphyries. 
he comparable abundances of trace elements and REE as well as the indistinguishable chemical 
gioclase and chlorite from the Seridune and Sarcheshmeh porphyries 
 
 
 
 
 
igure 10.10 (A) Spider diagram show relatively similar geochemical patterns for the Seridune prospect and 
Sarcheshmeh Cu deposit, with the exception of low concentration of P and Sr in Sarcheshmeh. (B) Chondrite 
1) normalized REE patterns show similar distributions for Seridune and Sarcheshmeh.  
0.8.4 Productivity 
 El Salvador Cu 
ese data are also compared with the chemical make-up of the granodiorite 
T
g
samples from the Seri
The average concentration of transitional elements (i.e., Cr, Co, Ni and V) is considerably higher 
in the Sarcheshmeh porphyry compared to the Seridune porphyry, with exception of Pb and Zn 
which are similar for both porphyries (Appendix 12.7; Table 12.28, 12.29).  
 
10.8.3 Rare earth elements 
The REE show similar patterns for all samples from the Seridune and Sarch
T
composition of biotite, pla
can be taken as indication that both granodiorite plutons are genetically very similar.  
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Comparison of trace element distributions of productive (mineralized) versus nonproductive 
unmineralized) intrusions has been made previously for granodiorite rocks from(
porphyry deposits. Th
rocks from Sarcheshmeh and Seridune. Table 10.5 shows the representative compositions of a 
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typical barren granodiorite (T.B.G, R29), as well as productive and nonproductive granodiorite 
porphyries (IL and R13 respectively; Baldwin and Pearce, 1982).  
 
Table 10.5 Representative geochemical analyses of productive and nonproducti
Sample No. Typical barren 
grd R29 (T.B.G)
Productive El 
Salvadore grd 
Non productive El 
Salvador qm 
Seridune 
grd 
Sarcheshm
stock grd
eh 
 
porphyry (SA8)porphyry (IL) porphyry (R13) porphyry 
(SH99)SiO2 60.95 62.34 65.09 63.06 63.21
Fe2O3T 5.54 3.69 3.75 3.75 3.94
TiO2 0.64 0.67 0.63 0.49 0.46
Al2O3 15.95 16.65 15.98 17.64 17.39
MnO 0.09 0.03 0.07 0.03 0.01
MgO 3.41 1.91 0.87 1.24 1.95
CaO 5.24 4.14 2.01 3.39 2.04
Na2O 3.95 4.77 5.30 5.10 4.77
K2O 2.46 2.17 4.82 2.36 2.02
P2O5 0.16 0.21 0.17 0.27 0.28
LOI 1.14 2.65 1.91 1.17 2.25
Total 99.53 99.23 100.59 98.60 98.83
Ca 3.75 2.96 1.44 2.42 1.46
Sr 563.00 602.00 367.00 789.00 493.10
K 2.04 1.80 4.00 1.96 1.68
Rb 67.00 56.00 118.00 58.10 82.20
Ba 732.00 541.00 1286.00 685.00 294.70
Th 6.22 3.55 13.41 7.00 11.00
La 13.00 16.00 50.00 24.70 30.90
Ce 33.00 33.00 83.00 46.60 55.60
Zr 131.00 121.00 351.00 110.50 106.20
Hf 4.22 3.60 7.73 3.00 4.00
Ta 0.43 0.54 0.98 < 10 0.60
Y 15.00 6.00 22.00 7.40 9.80
Yb 1.72 0.53 1.79 0.60 0.90
Ti 0.38 0.40 0.38 0.30 0.28
Mn 0.07 0.02 0.05 0.02 0.00
Zn 43.00 37.00 50.00 126.00 25.60
Co 9.00 10.40 2.70 9.60 17.40
Sc 12.00 4.90 5.20 3.00 2.00
ve 
granodiorite intrusions from El Salvador compare with the Sarcheshmeh and Seridune 
granodiorite porphyries. 
 
 
 
Note: typical barren granodiorite and productive and nonproductive granodiorite porphyries are from 
El Salvador district (data from Baldwin and Pearce, 1982), grd = granodiorite. 
The dis rom 
e geo he plots are 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
crimination between the productive and nonproductive intrusions can be deduced f
th chemical patterns shown in Figure 10.11 (Baldwin and Pearce, 1982). T
constructed from ratios of the element abundances in the granodiorite rocks to the element 
abundances in a typical barren granodiorite (T.B.G). The T.B.G and other representative 
granodiorite rocks consist of main phenocrysts of plagioclase, hornblende, biotite and quartz. 
The elements in the pattern, including most trace elements which are arranged from left to right 
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0.9 Genetic model for development of the Seridune prospect 
he combination of magma type, depth of emplacement, type of pluton, volatile content, country 
clusion results provide initial 
Fi
approximately in the orderof large ion lithophile elements, HREE and transitional metals. 
Patterns that characterize the productive intrusions exhibit enrichment in Zn, La, Ta, Sr and 
negative anomalies in the elements Mn, Y, Yb and Th. The trace element pattern of the Seridune 
granodiorite porphyry is similar to the general pattern from productive Cu intrusions. The low 
values of Y and Mn in productive intrusions can be partly explained by the early crystallization 
of Y- and Mn-rich hydrous phases (e.g., hornblende) and by the loss of Mn-rich fluids from the 
magma. 
 
 
 
 
 
 
 
 
 
gure 10.11 Geochemical 
patterns of productive 
and nonproductive 
granodiorite intrusions at 
El Salvador-Potrereillos 
district compare with the 
Sarcheshmeh and 
Seridune granodiorite 
porphyries. Data 
normalized to a typical 
barren granodioirite 
(T.B.G, R29). The gray 
areas highlight important 
negative anomalies 
related to the productive 
intrusions. 
 
 
 
 
 
 
 
1
T
rock composition, fracturing, geochemical alteration and fluid in
constraints on the development of a genetic model for the Seridune prospect. The favorable 
structural setting and emplacement shallow crustal-levels of causative intrusion are most 
important factors that control the location and extent of the porphyry Cu mineralization. As 
outlined in the preceding sections fluids that separate from I-type magmas with relatively high 
fO2 tend to produce sulphur-rich porphyry Cu mineralization (Evans, 1993). Thus, the type of 
magma is an important factor in the hydrothermal alteration and mineralization process. The 
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following details describe the genetic model for the hydrothermal system, from the magmatic 
stage to formation of various alteration zones in the Seridune prospect (Figure 10.12). 
 
The granodiorite pluton of the Seridune prospect was emplaced approximately 3.9 km beneath 
 general, two models are presented for hydrothermal regimes including the orthomagmatic 
he magmatic fluids from medium-high-K calc-alkaline granodiorite intrusions could have 
the paleosurface on the basis of pressure estimated from AlT content in biotite minerals (cf. 
Section 10.2.1). The contact margins between the Seridune intrusion and andesitic wall rocks 
served as a zone for brittle deformation, formation of breccia dikes and granodiorite dikes with 
development of quartz veins/veinlets (cf. Chapter 3; Figure 3.2). The cooling rate of the 
granodiorite was relatively rapid which may coincide with the emplacement of shallow 
crustal-level intrusions into the relatively cool wall rocks (e.g., Christmas, Yerington and 
Alumbrera, Burnham, 1985). The ascending magma was saturated by the exsolution of an 
aqueous fluid phase and other volatile components (e.g. H2O, HCl, HF, H2S, CO2, H2, and SO2; 
Burnham, 1979) associated with base metals. The exsolving hot saline, metal-rich aqueous fluid 
accumulated in the upper part of the magma chamber, and its pressure caused fracturing of the 
carapace, roof rocks (Burnham 1979, 1985; Shinohara et al., 1995). The stockwork fractures 
acted as a conduit for the upward migration of the exsolved hydrothermal fluid. These fractures 
provided the deposition of volatiles and metals from hydrothermal fluid concentrated during 
crystallization of the magma, in a post-magmatic episode (10.12A). Thus, the pervasive 
hydrothermal alteration and mineralization are directly related to the abundance of fractures (cf. 
Chapter 5). 
 
In
systems dominated by magmatic waters derived from molten rock, and convective systems, 
dominated by meteoric waters (usually groundwater, McMillan and Panteleyev, 1988). These 
hydrothermal fluids typically concentrate the ore and gangue minerals near the intrusion 
(McMillan and Panteleyev, 1988). The systematic changes of the physicochemical conditions of 
the hydrothermal fluid forming various alteration zones, which are illustrated on the simplified 
alteration, map (cf. Figure 6.1, Chapter 6, Section 10.4). 
 
T
developed an extensive K-silicate alteration in the host and/or in country rocks of the Seridune 
prospect. Similar magmatic fluids from medium-K quartz diorite-granodiorite are kown from 
Katala (Indonesia), producing localized K-feldspar alteration, whereas the magmatic fluids from 
a low-K tonalite at Batu Hijau caused extensive sodium-metasomatism and oligoclase alteration 
(Garwin, 2000). The early K-silicate (potassic) alteration zone begins to form in the upper part of 
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intrusion, which is directly associated with possible Cu-mineralization within the stockwork 
fracture zone (10.12A; Brimhall and Crerar 1987). Generally, the porphyry Cu deposits (e.g. 
Sarcheshmeh, Shahabpour, 1982; Christmas, Titley, 1982) emplaced in shallow crustal level 
suffered early K-silicate metasomatism with Cu sulphides and quartz veins/veinlets emplaced in 
the intrusion and andesitic wall rocks. The high Cu concentration is associated with the early 
magnetite and bornite-digenite-bearing “A” and “B” veinlets/veins, whereas chalcopyrite 
precipitates from a cooling magmatic fluid in those veins below a temperature near 400°C (cf. 
Hezarkhani et al., 1999; Ulrich et al., 2001, 2002). Commonly, the early hydrothermal fluid in 
the central biotite (potassic) zone has a high oxidation state which is the case with porphyry Cu 
deposits in Santa Rita (Jacobs and Parry, 1979), Panguna (Eastoe, 1982), Bingham (Bowman et 
al., 1987) and Alumbrera (Ulrich et al., 2002; Proffett, 2003). The early potassic alteration 
continues to retreat to lower levels, as the intrusion cools down. 
The cooling granodiorite intrusion supplies the thermal energy to heat the meteoric water 
he transitional quartz-sericite (phyllic) zone is due to a feldspar-destructive alteration. 
forming convection cells in the vicinity of the intrusion body. During this stage, the early biotite 
(potassic) alteration zone has ceased to expand and typically, its outer margin is overprinted by 
the propylitic alteration zones caused by inward-moving of heated meteoric water. The 
chlorite-epidote (propylitic) alteration zone extends for several hundred meters from the centre 
of the intrusion outward. The possible interaction of heated meteoric water and magmatic fluid 
causes the development of the chlorite-epidote (propylitic) alteration zone (Figure 10.12A). Fluid 
mixing in the propylitic alteration zone is also reported from Bingham, Utah (Bowman et al., 
1987) and Southwest Tintic, New Mexico (Norman et al., 1991). The propylitic alteration zones 
in the fringe of the Seridune prospect are characterized by hydrothermal chlorite and epidote, 
which display a systematic change in their chemical compositions. Mg and Fe contents in 
chlorite vary from the proximal to the distal portion of the propylitic alteration zones. Mg 
decreases and Fe increases outward. The clinochlore activity [aMg5Al2Si3O10(OH)8], fO2, fS2 and the 
calculated temperatures decrease from proximal to distal part of the propylitic alteration zones 
(Barzegar et al, 2005; Bryndzia and Scott, 1987). The Cu concentration decreases with 
decreasing of fO2 and fS2. The abundance of epidote veins in distal part of the porpylitic 
alteration zone at the Seridune prospect coincides with increase of epidote activity (aCzo) within 
the hydrothermal fluid. 
 
T
Commonly, the pressure of the convective fluid extends the stockwork fractures into the relative 
cool carapace and alteres it to the quartz-sericite (phyllic) mineral assemblage, but it seals 
rapidly by deposition of quartz veins/veinlets (cf. Burnham, 1979; Turner, 1995). The K-silicate 
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altered rocks are replaced by the quartz-sericite (phyllic) mineral assemblage due to effective 
convection of fluids (Figure 10.12B). The temperature coincides with the approximate conditions 
for the formation of the transitional phyllic mineral assemblage (Section 10.4). Metals and 
sulphur are scavenged from the enclosing rocks by convective meteoric water and deposited in 
the stockwork fracture zone. The physicochemical conditions of the hydrothermal fluid, 
including activity-composition relations calculated from the chemical compositions of the 
hydrothermal mineral indicates a systematic variation from central to peripheral zones of the 
prospect area. Some physicochemical parameters (e.g. temperature, pressure, density and salinity 
of hydrothermal fluids) were determined by microthermometric analysis of fluid inclusions in 
quartz veins/veinlets from the phyllic alteration zone. Similarly, the Xk determined from the 
hydrothermal sericite composition exhibit a systematic variation from the central phyllic 
(stockwork zone) to the peripheral transitional quartz-clay (argillic) alteration zones. The 
decrease of Xk in the hydrothermal fluid calculated from the sericite compositions corresponds to 
a decrease of muscovite activity (aMs) of the white-mica solid solution. Generally, the halogen 
concentration in hydrothermal fluid decrease from central phyllic, through argillic and to the 
advanced argillic alteration zone, with a relative increase of the OH concentration (Appendix 
12.5; Table 12.18). The decrease of fluorine activities in hydrothermal fluids corresponds to the 
overall decrease of temperature, pressure, salinity, density, oxygen fugacity (fO2) and sulphur 
fugacity (fS2) of the hydrothermal fluids from the central phyllic to the advanced argillic 
alteration zones. These changes in physicochemical conditions of the hydrothermal fluids 
document a progressive chemical fluid evolution through the alteration zones at the Seridune 
prospect. The majority of the Cu in the center phyllic alteration zone is probably incorporated in 
sulphide minerals which are oxidized to Cu carbonate mineral during supergene alteration. The 
transitional quartz-clay (argillic) alteration zone increased incorporation of meteoric water with 
low temperature of a circulation system in the peripheral of phyllic alteration zone. 
 
The late quartz-alunite-pyrophyllite (advanced argillic) alteration zone possibly developed at a 
temperature in the range of ~246°C, on the basis of the presence of Type I inclusions. The 
low-density meteoric aqueous fluid associated with acidic volatiles (e.g. H2SO4, HCl, HF and 
H2S) has an important role in shallow parts of the system to form an advanced argillic alteration 
zone (Sillitoe, 1992; Hedenquist et al., 1998; Ulrich et al., 2001, 2002). This feldspar destructive 
alteration encroaches downward through the earlier alteration zones and extends pervasively to 
lower levels of the Seridune prospect (Figure 10.12C). Cu was remobilized by this feldspar 
destructive fluid and reprecipitated in veins occurring in the advanced argillic alteration zone. 
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The comb quartz “D” vein/veinlet within the advanced argillic alteration zone suggests that an 
extensive hydrolysis occurred in the alteration zone. The liquid-rich (Type I) fluid inclusions 
with low salinity suggest a meteoric volatile source for late stage of hydrothermal fluids. 
Generally, the Seridune prospect appears to have formed by an extensive circulation of meteroic 
fluids, which redistributed their chemical components, reacted with wall rocks along their 
flowing paths and produced hydrothermal alteration mineral assemblages. Similar conditions are 
also inferred to have formed in the clustered porphyry deposits in southwestern North America 
(cf. Norton, 1982).  
 
10.10 Exploration Model 
he main findings in the light of an exploration model and further 
ector to ore 
 temporal evolution of felsic intrusive complex, 2) abundance of fractures and 
ithology 
orphyritic granodiorite intrusions are localized along the margins of the pre-mineral 
tructure and mineralization 
ases toward the central phyllic alteration zone, 2) the advanced 
This section summarizes t
academic research int the Seridune district. The most important vectors to porphyry Cu 
mineralization at the Seridune prospect are summarized below: 
 
V
 
) Spatial and1
quartz veins, 3) zoning of the early-late-hydrothermal alteration mineral assemblages, 4) 
ore-minerals in the central phyllic alteration zone (quartz-stockwork veins), 5) Cu anomaly from 
zoning of metals, 6) similarity of geology and geochemical data with the Sarcheshmeh porphyry 
Cu deposit, and 7) leached capping Cu minerals. 
 
L
 
ausative pC
volcanic andesite wall rocks. 
 
S
 
) The fracture density incre1
argillic alteration zone structurally controlled, 3) the “A” and “B” veins developed in the center 
of phyllic alteration zone (quartz stockwork zone) of the Seridune prospect, 3) the abundance of 
“D” comb quartz veins developed in the advanced argillic alteration zone, and 4) stockwork 
fractures controlled chalcopyrite and pyrite mineralization. 
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Figure 10.12 Schematic genetic model for the development of the Seridune prospect based on section 0N 
(Figure 3.2): (A) Exsolving fluid from crystallizing medium-high-K calc-alkaline magma accumulates in the 
upper part of the intrusion, fracturing the carapace and altered host and country rocks to K-silicate 
alteration. The remobilized Cu from the crystallizing magma precipitates in the stockwork fracture zone 
during K-silicate alteration. The granodiorite intrusion cools down and the early potassic alteration expands 
to lower levels. Surrounding meteoric water begins to heat, circulate and/or partly mix with magmatic water 
forming propylitic alteration zone. (B) Transitional phyllic alteration zone forms by heated meteoric fluid 
with low salinity and low pH, dissolved sulphide minerals precipitating in the quartz stockwork veins. (C) 
The feldspar destructive alteration including the late quartz-alunite-pyrophyllite and quartz±pyrophyllite 
has taken place at higher levels by encroached meteoric fluid and forming a veiny advanced argillic alteration 
zone. 
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Hydrothermal Alteration 
 
1) The peripheral chlorite-epidote (propylitic) alteration zone envelopes the early-late 
l Zoning 
ncentrations of Au, Ag, Sb, Hg, Sn (mostly below detection limit) in the advanced 
ing conditions and pervasive oxide ores due to the abundant sulphide minerals 
0.11 Recommendations for Future Studies 
overies in the district recommend that: 
ne mainly 
♦  in sediments from drainage systems around the Seridune 
♦  series of geophysical exploration studies (surface and subsurface) over the 
♦ m a stable isotope study to determine the source of fluids. 
nite intrusions. 
hydrothermal alteration zones, 2) the distribution and mineral assemblages of 
feldspar-destructive alteration zones (phyllic-argillic and advanced argillic) indicate hotter and 
more acidic fluid conditions in the porphyry centers, 3) the XK decreases in hydrothermal fluid 
from the phyllic to the late advanced argillic alteration zone, 4) the temperature of formation and 
salinity of phyllic alteration zone is relatively more than the advanced argillic alteration zone, 5) 
the remnant K-feldspar and micron scale of sulphide minerals in “A” veins of the, quartz 
stockwork zone and the nature of magma imply the possible development of subsurface potassic 
alteration zone. 
 
Meta
1) The low co
argillic alteration, and 2) the Zn and Pb forms peripheral annular and Mo comprises proximal 
haloes to the distal Cu-Fe core. 
 
Weathering 
The weather
produce an acidic aqueous solution establishing a vertical zonation with an oxidized limonitic 
leached zone at surface (leached capping) and an underlying zone with Cu enrichment 
(supergene zone with secondary Cu minerals) at depth. 
 
1
In order to enhance the potential for future disc
♦ Drill several holes between 200 to 300 m through the phyllic alteration zo
around the central quartz stockwork zone and in the andesitic volcanic wall rocks at the 
contact with the granodiorite intrusion. Figure 10.13 indicates the siting of further drill 
holes in the Seridune area.  
Study geochemical patterns
prospect. 
Conduct a
mineralized quartz stockwork zones to map the 3-d extent of the potential mineralization 
zone. 
Perfor
♦ Determine the absolute ages of the granodiorite and quartz monzo
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♦ Establish the absolute ages of the feldspar-destructive alteration zones in the Seridune 
 
 
Figure 10.13 Proposed drill holes for the Seridune prospect. Note that the location of the proposed drill holes 
lated to the all data constraining through study of the Seridune prospect. 
porphyry system. 
re
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12 APPENDICES 
 
12.1 Abbreviations 
 
The abbreviations for the minerals (Kretz, 1983) and lithological terminology for major rock 
types (McPhie et al., 1993) and alteration zones in the Seridune prospect are presented as 
follows: 
 
12.1.1 Minerals abbreviations: 
 
 
Ab-Albite Dkt-dickite Mo-molybdenite
An-Anorthite Dsp-diaspore Mnt-montmorillonite
And-andalusite Ed-edenite Ms-Muscovite
Anh-Anhydrite Ep-epidote Naln-natroalunite
Ank-ankerite Gn-galena Pg-paragonite
Aln-alunite Gp-gypsum Pl-plagioclase
Ap-apatite Gt-goethite Prl-pyrophyllite
Az-azurite Hbl-hornblende Py-pyrite
Bn-bornite Hem-hematite Qtz-quartz
Bt-biotite Ill-illite Rt-rutile
Cal-calcite Ilm-ilmenite Smc-smectite (mont.)
Cc-chalcocite Jar-jarocite Ser-sericite
Ccp-chalcopyrite Kfs-alkali feldspar Sp-sphalerite
Chl-chlorite Kln-kaolinite Ttn-titanite (sphene)
Cchl-clinochlorite Mag-magnetite Zrn-zircon
Chry-chrysocolla Mal-malachite
Dg-digenite Mc-microcline
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12.1.2 Lithological terminology:  
 
Grd = Granodiorite porphyry, Q monz = Quartz monzonite, Dac = Volcanic dacite, And = Volcanic andesite, Chl-ep 
= Propylitic. 
 
Qtz-ser = Phyllic, Qtz-clay = Argillic, Qtz-aln-prl = Advanced argillic, Qtz±prl = Silicic, LA = Least Altered, AA = 
Altered andesite, Agrd = Altered granodiorite. 
 
12.2 Samples sections 
A total of 128 sections including 46 thin sections, 65 polished-thin sections from the Seridune 
prospect, and 12 doubly polished thin sections were made for petrographical and 
microthermometric analyses. These samples represent all rock types and hydrothermal alteration 
zones in the Seridune prospect. In addition, 9 polished-thin sections were prepared from the 
Sarcheshmeh copper deposit to compare minerals compositions with the Seridune prospect. 
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12.2.1 Thin sections 
 
Table 12.1 Samples for thin sections representing all rock types and alteration zones in the Seridune prospect. 
 
Sample no. Analysis no. Rock type Alteration zone Sample no. Analysis no. Rock type Alteration zone
SH2 25936 Dac Unaltered SH76 26198 Grd Chl-ep
SH3 26306 Grd Qtz-clay SH77 25854 Grd Chl-ep
SH5 26713 Grd Qtz-ser SH78 25855 Grd Least altered
SH6 26714 Grd Qtz-aln-prl SH79 26199 Grd Chl-ep
SH7 26190 And Least altered SH90 25943 Grd Qtz-aln-prl
SH8 26715 Grd Chl-ep SH92 26200 Grd Qtz-aln-prl
SH11 26191 Dac Unaltered SH94 25944 Grd Qtz-ser
SH13 25846 Dac Unaltered SH95 26309 Grd Qtz-aln-prl
SH16 25848 Dac Unaltered SH97 26725 Grd Qtz-ser
SH19 25849 Dac Unaltered SH99 25859 Dac Unaltered
SH20 26717 And Least altered SH99 26201 Grd Qtz-ser
SH21 26718 Dac Unaltered SH104 26310 Grd Qtz-ser
SH22 26719 Grd Chl-ep SH105 26202 Grd Qtz-aln-prl
SH24 26720 Dac Unaltered SH118 26311 Grd Qtz-aln-prl
SH28 26721 Dac Unaltered SH119 26207 Grd Qtz-aln-prl
SH32 25850 Grd Qtz-ser SH120 26208 Grd Qtz-ser
SH33 25937 Dac Unaltered SH121 26312 Grd Qtz-ser
SH35 25938 Dac Unaltered SH127 26314 Grd Qtz-aln-prl
SH36 26722 Grd Qtz-aln-prl SH132T 26726 And Least altered
SH42 25851 Dac Unaltered SH141 26112 Grd Chl-ep
SH43 25852 Dac Unaltered SH155 26316 Grd Chl-ep
SH58 26723 Grd Qtz-clay SH160 26317 Grd Qtz±prl 
SH60 26724 Grd Qtz-aln-prl SH183 26731 Grd Least altered
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12.2.2 Polished-thin sections 
 
Table 12.2 Samples for polished-thin sections representing all rock types and alteration zones in the Seridune 
prospect. 
 
Sample no. Analysis no. Rock type Alteration zone Sample no. Analysis no. Rock type Alteration zone
SH4 26189 Grd Qtz-ser SH81 25856 Grd Chl-ep
SH27 26192 Dac Unaltered SH82 25857 Grd Chl-ep
SH32 26307 Grd Qtz-ser SH86L 25863 Grd Qtz-clay
SH34 26193 Grd Qtz-ser SH89 25942 Grd Qtz-aln-prl
SH45 25853 Grd Qtz-aln-prl SH96 25858 Grd Qtz-aln-prl
SH47 26194 Grd Qtz-aln-prl SH99 26217 Grd Least altered
SH52 25939 Grd Qtz-ser SH101 25945 Grd Chl-ep
SH53 25940 Grd Qtz-aln-prl SH103 25946 Q monz Least altered
SH56a 26195 Grd Qtz-ser SH106 25947 Grd Chl-ep
SH57 26107 Grd Qtz-aln-prl SH107 26109 Grd Qtz-aln-prl
SH61 26108 Grd Qtz-aln-prl SH109 26203 Grd Qtz-aln-prl
SH65 26196 Grd Qtz-aln-prl SH110 25948 Grd Qtz-ser
SH68 25941 Grd Qtz-aln-prl SH111 25860 Grd Chl-ep
SH69 26308 grd Qtz-aln-prl SH113 26204 Grd Qtz-ser
SH75 26197 Grd Qtz-clay SH114 25861 Grd Chl-ep
SH77 26216 Grd Chl-ep SH115 26205 Grd Least altered
SH116 26206 Dac Unaltered SH145 26214 Grd Chl-ep
SH121 27332 Grd Qtz-ser SH146 26113 Grd Chl-ep
SH123 26110 Grd Qtz-ser SH148 25953 Grd Chl-ep
SH124 26209 Grd Qtz-ser SH149 26315 Grd Chl-ep
SH125 26313 Grd Chl-ep SH150 25867 Grd Chl-ep
SH126 26111 And Least altered SH153 25954 Grd Qtz-clay
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Table 12.2 (continued) 
 
Sample no. Analysis no. Rock type Alteration zone Sample no. Analysis no. Rock type Alteration zone
SH128 26210 Grd Qtz-aln-prl SH154 25955 Grd Chl-ep
SH129 25862 Grd Chl-ep SH156 26114 Grd Chl-ep
SH130 26211 Grd Chl-ep SH167 26215 Grd Chl-ep
SH131 26212 Grd Qtz-clay SH169 25866 Grd Chl-ep
SH132V 25864 And Least altered SH177 26727 Grd Qtz-aln-prl
SH133 25949 Grd Qtz-clay SH179 26728 Grd Qtz-clay
SH134 25950 Breccia Chl-ep SH190 26734 Grd Qtz±prl 
SH136 26213 Grd Least altered SH191 26735 Grd Qtz±prl 
SH137 25865 Grd Chl-ep SH193 26736 And Chl-ep
SH139 25951 Grd Qtz±prl SH195a 26737 Grd Chl-ep
SH143 25952 Grd Least altered
 
 
 
 
 
 
 
 
 
Sample no. Analysis no. Rock type Description
SA1 26738 Monz Sarcheshmeh monz porphyry
SA4 26739 Grd Sarcheshmeh Fs porphyry
SA6 26740 Grd Sarcheshmeh Hbl porphyry 
SA7 26741 Grd Sarcheshmeh stock porphyry
SA8 26742 Grd Sarcheshmeh stock porphyry
SA9 26743 Grd Sarcheshmeh stock porphyry
SA10 26744 Grd Sarcheshmeh stock porphyry
SA12a 26746 Grd Sarcheshmeh Hbl porphyry 
SA12b 26747 Grd Sarcheshmeh Hbl porphyry 
 
Table 12.3 Samples for polished-thin sections representing various  
 
2.2.3 Doubly polished thin sections 
Table 12.4 Samples for doubly polished thin sections, used in the 
 
Sample no. Analysis no. Rock type Mineral assemblage
 
 
 
rock types in the Sarcheshmeh copper deposit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
 
fluid inclusion analysis. 
 
 Alteration zone
 SH4 948 Grd Qtz-ser-py Phyllic
SH32 949 Grd Qtz-ser-py Phyllic
SH34 950 Grd Qtz-ser-py Phyllic
SH45 951 Grd Qtz-aln-prl-py Advanced argillic
SH52 1033 Grd Qtz-ser-py Phyllic
SH53 952 Grd Qtz-aln-prl-py Advanced argillic
SH68 954 Grd Qtz-aln-prl-py Advanced argillic
SH94 956 Grd Qtz-ser-py Phyllic
SH96 957 Grd Qtz-aln-prl-py Advanced argillic
SH119 958 Grd Qtz-aln-prl-py Advanced argillic
SH125 1035 Grd Qtz-aln-prl-py Advanced argillic
SH190 1039 Grd Qtz-aln-prl-py Advanced argillic
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12.3 Sample location map 
 
 
 
Figure 12.1 Sample location map of the Seridune prospect.  
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12.4 Fracture density 
 
Table 12.5 Fracture densities from the central quartz-sericite alteration zone 
to the peripheral chlorite-epidote alteration zone. 
 
 
Sample 
Location Latitude Longitude Rock types
Fracture 
density 
(cm-1)
Standard 
deviation Alteration
SH4 3314630 393240 Grd 0.83 0.05 Qtz-ser
SH28 3314267 393204 Grd 0.85 0.11 Qtz-ser
SH52 3316138 393962 Grd 0.80 0.15 Qtz-ser
SH94 3315695 394266 Grd 0.83 0.08 Qtz-ser
SH97 3315877 394437 Grd 0.85 0.09 Qtz-ser
SH104 3315507 394578 Grd 1.30 0.10 Qtz-ser
SH3 3314772 393255 Grd 0.55 0.05 Qtz-clay
SH75 3314478 394067 Grd 0.77 0.10 Qtz-clay
SH179 3315629 393743 Grd 0.50 0.10 Qtz-clay
SH12 3315640 393252 Grd 0.33 0.14 Qtz-aln-prl
SH36 3314715 393034 Grd 0.45 0.12 Qtz-aln-prl
SH45 3315644 393453 Grd 0.29 0.25 Qtz-aln-prl
SH57 3315721 394097 Grd 0.57 0.20 Qtz-aln-prl
SH63 3315606 393917 Grd 0.59 0.15 Qtz-aln-prl
SH65 3315616 393866 Grd 0.45 0.13 Qtz-aln-prl
SH68 3315629 393759 Grd 0.33 0.10 Qtz-aln-prl
SH119 3315783 393715 Grd 0.47 0.08 Qtz-aln-prl
SH121 3315655 394266 Grd 0.68 0.09 Qtz-ser
SH128 3315838 393817 Grd 0.42 0.08 Qtz-aln-prl
SH176 3314920 393802 Grd 0.28 0.19 Qtz±prl
SH22 3314052 393202 Grd 0.76 0.14 Chl-ep
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12.5 Electron microprobe analysis (EMPA) 
The chemical compositions of primary and hydrothermal minerals identified optically were 
determined quantitatively by using a JEOL JXA-8900R Electron Micro Probe Analyzer at 
Institute for Mineralogy and Economic Geology, RWTH Aachen University. Sample specimens 
(polished and polished thin sections) were cleaned and coated with graphite prior to the analysis. 
The analyzed points were located with the assistance of a point logger or locally with backscatter 
imaging and cathodoluminescence (CL). A beam of electrons excites the sample, x-rays are 
analyzed and their intensities are converted into concentrations. The x-rays are counted by five 
Wavelenght Dispersive Spectrometers (WDS), and the matrix effects were corrected using the 
ZAF software, which combines the atomic number (Z), absorption (A) and fluorescent excitation 
(F). A computer software program MINPET 2.02 was primarily used to calculate the structural 
formula of the analyzed minerals. The machine operating conditions including the mineral 
standard used, accelerating voltage, diffusion and beam current are shown in Tables 12.6-12.7.  
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Table 12.6 Measurement conditions and standards used for EMP analysis of silicate minerals. 
 
 Mineral Amphibole Biotite Chlorite Epidote Plagioclase1 Plagioclase2 Pyrophyllite Muscovite
Program Amp BioN Chlorite Ep, Epi PlA PlA1 Prl Muscovite
Acc. V (kV) 15 15 15 15 15 15 15 15
Diffusion (µm) 3 3 3 3 3 3 3 10
Current (nA) 23.05 23.58 23.45 23.52 23.64 23.5 20.14 23.48
Accum. points 1 10 1 1 1 1 1 1
Si Pl64 Pl64 Pl64 Pl64 Or79 Pl64 Pl64 Pl64 
Ti Ru83 Ru83 Ru83 Ru83 Ru83 Ru83 Ru83 Ru83 
Al Pl64 Or79 Pl64 Pl64 Pl64 Pl64 Pl64 Pl64 
Fe Fa66 Fa66 Fa66 Fa66 Fa66 Fa66 Fa66 Fa66 
Mn Mn133 Fa66 Mn133 Mn133 Mn133 Mn133 Mn133 Fa66 
Mg Sp761 Sp761 Sp761 Sp761 Sp167 Sp167 Sp76
Ca Pl64 Pl64 Pl64 Pl64 Pl64 Pl64 Pl64 Pl64 
Na J107 J107 J107 J107 J107 J107 J107 J107 
K Or79 Or79 Or79 Or79 Or79 Or79 Or79 Or79 
P 
Cr 
Pb  PbS2
Ba Ba89
Sr Coel1061 Coel106
F Ap44 F 
Cl Tug34 Tug34 Tug34  Tug34 Tug34
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: Pl = Plagioclase, Ru = Rutile, Tug = Tugtupite, Fa = Fayalite, Sp = Spinel, Or = Orthoclase, J = Jadeite, Ap 
= Apatite, Ky = Kyanite, Am = Amphibole, Di = Diopside, Cr = Chromium, Fl = Fluorite, Ba = Barite, Mn = 
Manganese oxide, PbS = Galena and Coel = Coelestine. All analyses were corrected by ZAF. 
 
 
Table 12.7 Measurement conditions and standards used for EMP analysis of sulphide and oxide minerals. 
 
 Mineral Bornite Chalcopyrite Pyrite Magnetite1 Magnetite2 Ilmenite Hematite Rutile 
Program Bornite Ccp Pyrite MagA Mag1A Mag1A Mag1A MagA 
Acc. V (kV) 25 25 25 15 15 15 15 15
Diffusion (µm) 3 3 3 3 3 3 3 3
Current (nA) 27.61 27.83 27.6 24.52 24.59 24.59 24.59 24.52
Si  Pl64 Pl
Ti Ru83 Ru83 Ru83 Ru83 Ru83 
Al Sp76 Sp76 Sp76 Sp76 Sp76
Fe CuFeS CuFeS Py325 Mag53 Mag53 Mag53 Mag53 Mag53 
Mn Mn133 Mn133 Mn133 Mn133 Mn133 
Mg Sp761 Sp761 Sp761 Sp761 Sp761 
Cr Cr54 Cr54 Cr54 Cr54 Cr54 
V V28 V28 V28 V28 V28 
S CuFeS CuFeS Py325  
Ni NiAs
Co Co21 
Cu Cu24 CuFeS CuFeS 
Au Au38 Au38 Au38 
As  Asp123 
Ag Ag23 Ag23 Ag23 
 
64 
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: CuFeS = Chalcopyrite, Py = Pyrite, Cu = Copper, Au = Gold, Ag = Silver, Co = Cobalt, NiAs = Nickel 
Arsenide, Asp = Arsenopyrite, Cd = Cadmium, Arsenide, Pl = Plagioclase, Ru = Rutile, Fa = Fayalite, Sp = Spinel, 
Mag = Magnetite, Mn = Manganese oxide, Cr = Chromium and V = Vanadium. 
 
 
The detection limits (in wt.%) for the microprobe analyses of the silicate, oxide and sulphide 
minerals are indicated in Tables 12.8-12.9. The chemical compositions of the individual 
analyzed minerals from the Seridune prospect and Sarcheshmeh copper deposit are presented in 
the following sections. 
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Table 12.8 Detection limit (wt.%) for EMP analysis of silicate minerals. 
 
 Mineral Amphibole Biotite Chlorite Epidote Plagioclase1 Plagioclase2 Pyrophyllite Muscovite
Program Amp BioN Chlorite Ep, Epi PlA PlA1 Prl Muscovite
Acc. V (kV) 15 15 15 15 15 15 15 15
Diffusion (µm) 3 3 3 3 3 3 3 10
Current (nA) 23.05 23.58 23.45 23.52 23.64 23.5 20.14 23.48
Accum. points 1 10 1 1 1 1 1 1
Si 0.02 0.004 0.01 0.02 0.01 0.02 0.01 0.01
Ti 0.02 0.008 0.03 0.02 0.02 0.02 0.02 0.02
Al 0.009 0.003 0.009 0.01 0.01 0.01 0.01 0.009
Fe 0.02 0.006 0.02 0.02 0.02 0.02 0.02 0.02
Mn 0.02 0.005 0.02 0.01 0.02 0.02 0.02 0.02
Mg 0.01 0.004 0.01 0.007 0.008 0.008 0.007
Ca 0.01 0.004 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.01 0.003 0.008 0.009 0.01 0.009 0.008 0.008
K 0.01 0.003 0.01 0.01 0.01 0.01 0.01 0.009
P 
Cr 
Pb  0.05
Ba 0.03
Sr 0.02 0.01
F 0.02 0.1 0.05
Cl 0.008 0.003 0.009 0.008  0.009 0.008
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 12.9 Detection limit (wt.%) for EMP analysis of sulphide and oxide minerals. 
 
Mineral Bornite Chalcopyrite Pyrite Magnetite1 Magnetite2 Ilmenite Hematite Rutile 
Program Bornite Ccp Pyrite MagA Mag1A Mag1A Mag1A MagA 
Acc. V (kV) 25 25 25 15 15 15 15 15
Diffusion (µm) 3 3 3 3 3 3 3 3
Current (nA) 27.61 27.83 27.6 24.52 24.59 24.59 24.59 24.52
Si  0.01 0.01
Ti 0.03 0.03 0.03 0.03 0.03
Al 0.01 0.01 0.01 0.01 0.01
Fe 0.007 0.007 0.008 0.02 0.02 0.02 0.02 0.02
Mn 0.02 0.02 0.02 0.02 0.02
Mg 0.007 0.008 0.008 0.008 0.007
Cr 0.04 0.03 0.03 0.03 0.04
V 0.03 0.02 0.02 0.02 0.03
S 0.008 0.009 0.009  
Ni 0.01
Co 0.01
Cu 0.01 0.01 0.01
Au 0.05 0.04 0.04
As   0.02
Ag 0.02 0.02 0.02
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12.5.1 Silicate minerals from the Seridune prospect 
Table 12.10 EMP analysis of hornblende in granodiorite from the Seridune prospect. 
 
 
 Analysis 114-0 114-1 114-10 114-11 114-12 114-13 114-14 114-15 114-16 114-17 114-18 114-19 114-2 114-3 114-4 114-5 114-6Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 48.07 47.68 47.23 45.69 45.00 44.44 44.71 45.35 42.65 44.46 44.46 44.67 44.56 44.63 45.58 47.44 47.36
TiO2 1.06 0.98 0.89 1.11 1.18 1.26 1.13 1.19 2.16 1.31 1.19 1.30 1.01 1.24 1.01 1.02 1.03
Al2O3 6.87 7.12 7.40 8.67 9.26 9.88 9.05 8.67 11.46 9.17 9.10 9.36 8.89 8.93 8.70 7.32 7.01
FeO 13.27 13.37 15.21 16.21 16.19 16.08 15.93 15.82 15.74 16.53 16.60 16.85 16.21 16.06 16.17 13.05 12.69
MnO 0.48 0.48 0.52 0.48 0.50 0.45 0.46 0.51 0.39 0.47 0.44 0.51 0.45 0.47 0.49 0.43 0.40
MgO 14.87 14.44 12.95 12.25 12.10 12.03 12.34 12.47 11.65 11.41 11.86 11.59 12.27 12.18 12.18 14.58 14.89
CaO 11.66 11.79 11.48 11.70 11.52 11.79 11.68 11.60 11.82 11.29 11.62 11.63 11.70 11.75 11.37 11.63 11.75
Na2O 1.20 1.21 1.37 1.51 1.44 1.48 1.51 1.45 2.00 1.55 1.57 1.70 1.42 1.38 1.41 1.28 1.24
K2O 0.47 0.47 0.48 0.85 0.89 0.91 0.93 0.73 0.70 0.89 0.87 0.86 0.91 0.85 0.85 0.54 0.49
Total 97.93 97.53 97.52 98.47 98.07 98.32 97.75 97.79 98.57 97.08 97.71 98.47 97.41 97.48 97.74 97.28 96.86
Structural formular based on 23 Oxygenes, using 15-NK calculation method (after Robinson et al., 1981)
TSi 6.95 6.93 6.94 6.72 6.63 6.54 6.62 6.69 6.29 6.65 6.60 6.60 6.61 6.62 6.73 6.91 6.92
TAl 1.06 1.07 1.06 1.29 1.37 1.46 1.38 1.31 1.72 1.35 1.40 1.40 1.39 1.38 1.27 1.09 1.08
TFe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum_T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
CAl 0.11 0.15 0.22 0.22 0.24 0.25 0.19 0.19 0.28 0.27 0.20 0.23 0.17 0.18 0.24 0.17 0.12
CFe3+ 0.50 0.44 0.37 0.40 0.48 0.49 0.49 0.49 0.40 0.37 0.48 0.40 0.56 0.51 0.45 0.43 0.47
CTi 0.12 0.11 0.10 0.12 0.13 0.14 0.13 0.13 0.24 0.15 0.13 0.14 0.11 0.14 0.11 0.11 0.11
CMg 3.20 3.13 2.84 2.68 2.66 2.64 2.72 2.74 2.56 2.55 2.63 2.55 2.72 2.69 2.68 3.17 3.24
CFe2+ 1.04 1.14 1.44 1.55 1.46 1.45 1.44 1.42 1.50 1.64 1.54 1.64 1.42 1.45 1.48 1.10 1.03
CMn 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02
CCa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum_C 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
BFe2+ 0.06 0.05 0.06 0.04 0.05 0.04 0.04 0.05 0.04 0.06 0.04 0.04 0.04 0.03 0.06 0.06 0.05
BMn 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
BCa 1.80 1.84 1.81 1.84 1.82 1.86 1.85 1.83 1.87 1.81 1.85 1.84 1.86 1.87 1.80 1.82 1.84
BNa 0.10 0.09 0.10 0.08 0.10 0.08 0.08 0.09 0.07 0.10 0.08 0.08 0.08 0.07 0.11 0.10 0.09
Sum_B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
ANa 0.23 0.25 0.29 0.35 0.32 0.35 0.35 0.33 0.50 0.35 0.37 0.40 0.34 0.33 0.30 0.26 0.27
AK 0.09 0.09 0.09 0.16 0.17 0.17 0.18 0.14 0.13 0.17 0.17 0.16 0.17 0.16 0.16 0.10 0.09
Sum_A 0.32 0.34 0.38 0.51 0.48 0.52 0.53 0.46 0.63 0.52 0.54 0.57 0.51 0.49 0.46 0.36 0.36
Cations 15.32 15.34 15.38 15.51 15.48 15.52 15.53 15.46 15.63 15.52 15.54 15.57 15.51 15.49 15.46 15.36 15.36
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Table 12.11 EMP analysis of biotite in granodiorite from the Seridune prospect. 
 
 Analysis 99-3 99-4 99-8 99-9 136-10 136-11 136-12 136-13 136-14 136-15 136-2 136-3 136-41 136-43 136-6 136-9
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Altration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 37.93 37.60 37.54 36.77 37.54 37.42 37.19 37.51 37.18 38.25 35.52 35.76 37.42 36.01 36.82 37.15
TiO2 3.96 4.11 3.61 3.64 3.93 3.86 3.74 3.69 3.84 3.81 3.57 3.49 4.12 4.08 3.02 3.33
Al2O3 13.46 13.59 14.30 14.32 14.96 14.31 14.33 14.73 15.02 15.78 14.25 14.91 14.67 14.69 14.91 14.83
FeO 16.17 15.81 15.92 16.23 17.12 16.90 16.71 16.71 17.73 16.41 18.58 17.50 16.93 16.66 16.21 17.91
MnO 0.23 0.21 0.14 0.22 0.20 0.25 0.22 0.21 0.23 0.18 0.30 0.31 0.19 0.18 0.22 0.25
MgO 13.76 14.20 14.08 14.17 13.64 14.11 14.00 13.86 13.04 12.40 12.11 13.15 13.16 13.64 14.16 12.91
CaO 0.05 0.18 0.14 0.23 bd 0.01 bd bd bd bd bd bd bd bd 0.19 bd
Na2O 0.40 0.20 0.38 0.39 0.45 0.51 0.42 0.39 0.42 0.47 0.44 0.56 0.47 0.52 0.49 0.35
K2O 8.64 7.96 7.62 7.69 9.28 9.27 9.39 9.39 9.37 9.14 9.01 9.03 9.23 9.10 8.70 9.28
F 0.39 0.31 0.37 0.37 0.24 0.64 0.37 0.14 0.29 0.21 0.66 1.19 0.08 0.14 0.31 0.14
Cl 0.09 0.07 0.08 0.08 0.09 0.07 0.07 0.08 0.10 0.07 0.06 0.07 0.07 0.07 0.03 0.08
H2Ocalc 3.71 3.80 3.77 3.90 3.91 3.71 3.80 3.94 3.86 3.94 3.53 3.34 3.96 3.86 3.82 3.90
O_F_Cl 0.18 0.15 0.17 0.18 0.12 0.28 0.17 0.08 0.14 0.11 0.29 0.51 0.05 0.08 0.14 0.08
Total 98.95 98.19 98.11 98.19 101.47 101.33 100.42 100.75 101.20 100.77 98.32 99.82 100.35 99.04 99.02 100.22
Structural formular based on 24 (O,OH, F, Cl)
Si 5.65 5.69 5.68 5.58 5.56 5.57 5.58 5.58 5.54 5.66 5.52 5.47 5.59 5.47 5.56 5.59
AlIV 2.35 2.31 2.32 2.42 2.44 2.43 2.43 2.42 2.46 2.34 2.48 2.53 2.41 2.53 2.44 2.41
AlVI 0.08 0.11 0.22 0.15 0.17 0.08 0.10 0.17 0.18 0.40 0.12 0.15 0.17 0.10 0.21 0.22
Ti 0.46 0.47 0.41 0.42 0.44 0.43 0.42 0.41 0.43 0.42 0.42 0.40 0.46 0.47 0.34 0.38
Fe2+ 2.07 2.00 2.01 2.07 2.12 2.10 2.10 2.08 2.21 2.03 2.41 2.24 2.12 2.12 2.05 2.25
Mn 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.04 0.02 0.02 0.03 0.03
Mg 3.14 3.20 3.17 3.22 3.01 3.13 3.13 3.08 2.90 2.73 2.81 3.00 2.93 3.09 3.19 2.90
Ca 0.01 0.03 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Na 0.12 0.06 0.08 0.09 0.13 0.15 0.12 0.11 0.12 0.14 0.13 0.17 0.14 0.15 0.15 0.10
K 1.69 1.54 1.47 1.48 1.75 1.76 1.80 1.78 1.78 1.72 1.79 1.76 1.76 1.76 1.68 1.78
Cations 15.58 15.43 15.41 15.50 15.64 15.69 15.69 15.66 15.65 15.47 15.72 15.75 15.60 15.71 15.68 15.66
F 0.37 0.30 0.35 0.36 0.23 0.60 0.36 0.14 0.27 0.20 0.65 1.15 0.07 0.14 0.29 0.14
Cl 0.05 0.04 0.04 0.04 0.05 0.03 0.04 0.04 0.05 0.04 0.03 0.03 0.04 0.04 0.02 0.04
OHcalc 3.79 3.83 3.81 3.80 3.86 3.68 3.80 3.91 3.84 3.88 3.66 3.41 3.95 3.91 3.85 3.91
XFe 0.40 0.38 0.39 0.39 0.41 0.40 0.40 0.40 0.43 0.43 0.46 0.43 0.42 0.41 0.39 0.44
XMg 0.60 0.62 0.61 0.61 0.59 0.60 0.60 0.60 0.57 0.57 0.54 0.57 0.58 0.59 0.61 0.56
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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Table 12.12 EMP analysis of plagioclase in granodiorite from the Seridune prospect. 
 
 Analysis 99-1 99-2 99-3 99-4 99-5 99-6 99-7 99-8 99-9 99-10 99-11 99-12 99-13 99-14 99-15 99-16 99-17
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 59.01 60.76 60.89 61.98 60.97 61.29 62.09 59.93 61.87 61.03 60.14 56.63 61.23 59.51 60.41 61.64 60.98
TiO2 bd bd bd bd bd bd 0.02 bd 0.03 bd bd 0.03 bd bd bd 0.03 bd
Al2O3 25.92 25.18 24.99 22.97 24.38 24.72 23.96 24.64 22.76 24.92 25.30 27.13 24.17 25.32 24.43 24.21 24.17
FeO 0.19 0.14 0.16 0.19 0.11 0.16 0.14 0.16 0.16 0.17 0.15 0.17 0.19 0.15 0.19 0.17 0.12
MnO bd bd bd bd 0.02 bd bd 0.02 0.03 bd bd bd bd bd bd bd bd
CaO 7.76 6.13 6.13 5.13 5.74 5.84 5.03 6.59 4.90 6.11 6.69 9.07 5.98 6.82 6.18 5.75 6.19
Na2O 6.53 7.16 7.25 7.60 7.30 7.32 7.73 6.94 7.79 7.03 7.07 5.76 7.24 7.00 7.07 7.33 7.14
K2O 0.42 0.61 0.58 0.72 0.63 0.63 0.80 0.51 0.78 0.63 0.52 0.32 0.59 0.49 0.60 0.70 0.60
BaO 0.07 0.04 0.00 0.10 0.07 bd 0.04 0.04 0.04 0.04 bd 0.09 0.10 0.04 0.09 0.06 0.06
Total 99.90 100.02 99.99 98.69 99.22 99.96 99.79 98.82 98.34 99.91 99.87 99.19 99.50 99.33 98.96 99.88 99.26
Structural formular based on 32 Oxygene
Si 10.55 10.80 10.82 11.13 10.91 10.88 11.03 10.79 11.16 10.85 10.72 10.24 10.93 10.68 10.86 10.96 10.92
Al 5.46 5.27 5.23 4.86 5.14 5.17 5.01 5.23 4.83 5.22 5.31 5.78 5.08 5.35 5.17 5.07 5.10
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.49 1.17 1.17 0.99 1.10 1.11 0.96 1.27 0.95 1.16 1.28 1.76 1.15 1.31 1.19 1.09 1.19
Na 2.27 2.47 2.50 2.65 2.53 2.52 2.66 2.42 2.72 2.42 2.44 2.02 2.51 2.44 2.46 2.53 2.48
K 0.10 0.14 0.13 0.17 0.14 0.14 0.18 0.12 0.18 0.14 0.12 0.07 0.13 0.11 0.14 0.16 0.14
Ba 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Cations 19.89 19.86 19.87 19.84 19.86 19.85 19.87 19.85 19.86 19.82 19.89 19.91 19.84 19.91 19.85 19.84 19.84
Ab 58.90 65.40 65.80 69.70 67.10 66.80 70.10 63.60 70.80 65.00 63.60 52.50 66.20 63.10 65.00 66.90 65.20
An 38.70 31.00 30.70 26.00 29.10 29.40 25.20 33.40 24.60 31.20 33.30 45.60 30.30 34.00 31.40 28.90 31.20
Or 2.50 3.70 3.50 4.40 3.80 3.80 4.70 3.00 4.60 3.80 3.10 1.90 3.50 2.90 3.60 4.20 3.60
Note: bd = below detection limit, FeO = total iron content
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Table 12.12 (continued). 
 
 Analysis 99-17 99-18 99-19 99-20 99-21 99-22 99-23 99-24 99-25 99-26 99-27 99-28 99-29 99-30 99-31 136-1 136-10
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 60.48 60.91 61.39 60.86 61.54 60.45 60.84 60.96 60.21 60.04 59.32 60.36 61.14 61.63 61.54 61.57 61.72
TiO2 0.02 bd bd 0.09 bd 0.06 bd bd bd 0.01 0.01 0.06 0.04 bd 0.01 bd 0.05
Al2O3 23.59 23.95 24.05 24.76 23.74 23.48 24.31 24.23 24.70 24.50 25.79 24.58 23.32 24.67 24.43 24.36 24.44
FeO 0.17 0.20 0.19 0.15 0.17 0.13 0.19 0.12 0.14 0.10 0.11 0.15 0.18 0.17 0.16 0.17 0.18
MnO bd bd bd 0.02 bd bd bd 0.03 0.02 bd 0.04 bd bd bd 0.03 bd 0.02
CaO 5.93 5.93 5.85 6.14 5.43 6.12 5.89 6.18 6.43 6.17 7.10 6.25 5.68 5.68 5.63 5.84 5.63
Na2O 7.34 7.42 7.35 7.30 7.29 7.12 7.45 7.06 7.17 7.23 6.71 7.20 7.36 7.68 7.75 7.44 7.36
K2O 0.62 0.60 0.61 0.58 0.64 0.59 0.65 0.61 0.49 0.53 0.43 0.62 0.63 0.62 0.62 0.68 0.65
BaO 0.06 0.07 0.05 0.07 0.06 0.05 bd bd 0.03 bd bd 0.03 0.04 bd 0.05 0.05 0.06
Total 98.21 99.08 99.49 99.97 98.87 98.00 99.32 99.19 99.18 98.59 99.51 99.23 98.39 100.46 100.22 100.10 100.11
Structural formular based on 32 Oxygene
Si 10.95 10.93 10.96 10.83 11.03 10.96 10.89 10.91 10.80 10.83 10.62 10.82 11.03 10.90 10.92 10.93 10.94
Al 5.03 5.06 5.06 5.19 5.01 5.01 5.12 5.11 5.22 5.20 5.44 5.19 4.95 5.14 5.10 5.09 5.10
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01
Fe2+ 0.03 0.03 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.15 1.14 1.12 1.17 1.04 1.19 1.13 1.19 1.24 1.19 1.36 1.20 1.10 1.08 1.07 1.11 1.07
Na 2.58 2.58 2.54 2.52 2.53 2.50 2.59 2.45 2.50 2.53 2.33 2.50 2.57 2.63 2.66 2.56 2.53
K 0.14 0.14 0.14 0.13 0.15 0.14 0.15 0.14 0.11 0.12 0.10 0.14 0.14 0.14 0.14 0.15 0.15
Ba 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations 19.89 19.89 19.85 19.88 19.80 19.84 19.91 19.82 19.89 19.89 19.87 19.89 19.84 19.92 19.92 19.88 19.83
Ab 66.60 66.90 66.90 65.90 68.10 65.40 67.00 64.90 64.90 65.80 61.50 65.10 67.50 68.40 68.70 67.00 67.60
An 29.70 29.60 29.40 30.60 28.00 31.00 29.20 31.40 32.10 31.00 35.90 31.20 28.80 27.90 27.60 29.00 28.50
Or 3.70 3.60 3.70 3.50 3.90 3.60 3.80 3.70 2.90 3.20 2.60 3.70 3.80 3.60 3.60 4.00 3.90
Note: bd = below detection limit, FeO = total iron content
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Table 12.13 EMP analysis of plagioclase in quartz monzonite from the Seridune prospect. 
 
 Analysis 103-1 103-10 103-11 103-2 103-3 103-4 103-5 103-6 103-7 103-8 103-9
Rock type Q monz Q monz Q monz Q monz Q monz Q monz Q monz Q monz Q monz Q monz Q monz
Altertion LA LA LA LA LA LA LA LA LA LA LA
SiO2 59.51 56.97 58.12 59.37 64.04 58.24 58.04 59.00 57.56 57.36 58.13
TiO2 bd bd 0.07 bd bd 0.05 0.04 bd 0.02 bd 0.05
Al2O3 25.79 27.07 26.23 25.57 18.60 26.87 27.07 25.75 25.92 27.35 26.37
FeO 0.26 0.16 0.23 0.25 0.09 0.20 0.25 0.28 0.25 0.21 0.24
MnO bd bd bd bd bd bd bd bd bd bd 0.03
CaO 7.07 9.20 8.26 7.07 0.00 8.31 8.44 7.45 8.69 9.09 8.13
Na2O 6.60 5.61 6.28 6.86 0.49 6.20 6.20 6.44 6.09 5.73 6.26
K2O 0.66 0.31 0.34 0.54 16.17 0.35 0.33 0.64 0.38 0.34 0.37
BaO 0.17 0.14 0.14 0.06 0.08 0.03 0.09 0.17 0.12 0.13 0.06
Total 100.05 99.46 99.68 99.72 99.46 100.25 100.47 99.74 99.05 100.21 99.64
Structural formular based on 32 Oxygene
Si 10.62 10.27 10.44 10.63 11.92 10.39 10.35 10.58 10.42 10.26 10.44
Al 5.42 5.75 5.55 5.39 4.08 5.65 5.68 5.44 5.53 5.76 5.58
Ti 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01
Fe2+ 0.04 0.02 0.03 0.04 0.01 0.03 0.04 0.04 0.04 0.03 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 1.35 1.78 1.59 1.36 0.00 1.59 1.61 1.43 1.69 1.74 1.56
Na 2.28 1.96 2.19 2.38 0.18 2.14 2.14 2.24 2.14 1.99 2.18
K 0.15 0.07 0.08 0.12 3.84 0.08 0.07 0.15 0.09 0.08 0.09
Ba 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00
Cations 19.88 19.86 19.90 19.92 20.03 19.88 19.91 19.88 19.92 19.88 19.90
Ab 60.30 51.40 56.70 61.70 4.40 56.20 56.00 58.70 54.70 52.20 56.90
An 35.70 46.70 41.20 35.10 0.00 41.70 42.10 37.50 43.10 45.80 40.80
Or 4.00 1.90 2.00 3.20 95.60 2.10 1.90 3.80 2.20 2.00 2.20
Note: bd = below detection limit, FeO = total iron content
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Table 12.14 EMP analysis of plagioclase in volcanic andesite from the Seridune prospect. 
 
 Analysis 132v-1 132v-10 132v-11 132v-12 132-v13 132-v14 132v-15 132v-16 132v-17 132v-18 132v-19 132v-2 132v-20 132v-21 132v-22 132v-3 132v-4
Rock type And And And And And And And And And And And And And And And And And
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 58.14 56.97 58.46 55.82 58.15 57.71 57.46 50.94 49.38 47.07 48.18 57.61 50.25 47.99 46.02 58.19 57.01
TiO2 0.08 0.00 0.06 0.09 0.09 0.04 0.05 0.06 0.05 0.00 0.05 0.02 0.05 0.03 0.07 0.00 0.00
Al2O3 26.78 27.57 26.58 28.44 25.92 26.49 26.95 31.66 32.05 33.44 33.29 27.25 31.44 33.15 34.40 26.65 27.67
FeO 0.28 0.30 0.33 0.14 0.27 0.25 0.37 0.50 0.48 0.69 0.69 0.26 0.76 0.57 0.62 0.25 0.28
MnO 0.00 0.01 0.04 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.02
CaO 8.08 9.27 8.01 10.10 8.30 8.22 8.36 13.71 15.20 16.72 16.06 8.56 14.03 16.36 17.96 8.00 9.53
Na2O 6.38 5.78 6.39 5.49 6.45 6.27 6.19 3.29 2.78 1.85 2.23 6.18 3.26 2.16 1.42 6.48 5.76
K2O 0.29 0.26 0.22 0.16 0.19 0.19 0.26 0.17 0.10 0.06 0.07 0.26 0.18 0.07 0.06 0.30 0.26
BaO 0.15 0.14 0.14 0.01 0.16 0.07 0.12 0.06 0.03 0.01 0.07 0.15 0.01 0.01 0.00 0.07 0.07
Total 100.20 100.30 100.23 100.25 99.52 99.23 99.76 100.41 100.08 99.84 100.63 100.31 99.99 100.34 100.55 99.94 100.61
Structural formular based on 32 Oxygene
Si 10.39 10.20 10.43 10.01 10.46 10.40 10.32 9.24 9.03 8.68 8.80 10.30 9.18 8.79 8.46 10.42 10.18
Al 5.64 5.81 5.59 6.01 5.49 5.62 5.70 6.76 6.90 7.26 7.16 5.74 6.77 7.15 7.45 5.62 5.82
Ti 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00
Fe2+ 0.04 0.04 0.05 0.02 0.04 0.04 0.06 0.08 0.07 0.11 0.10 0.04 0.12 0.09 0.10 0.04 0.04
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ca 1.55 1.78 1.53 1.94 1.60 1.59 1.61 2.67 2.98 3.30 3.14 1.64 2.75 3.21 3.54 1.54 1.82
Na 2.21 2.01 2.21 1.91 2.25 2.19 2.16 1.16 0.99 0.66 0.79 2.14 1.15 0.77 0.51 2.25 2.00
K 0.07 0.06 0.05 0.04 0.04 0.04 0.06 0.04 0.02 0.02 0.02 0.06 0.04 0.02 0.01 0.07 0.06
Ba 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01
Cations 19.91 19.91 19.89 19.94 19.91 19.89 19.92 19.96 20.00 20.03 20.01 19.93 20.02 20.02 20.07 19.93 19.93
Ab 57.80 52.20 58.30 49.10 57.80 57.30 56.40 30.00 24.80 16.60 20.00 55.80 29.30 19.20 12.50 58.40 51.40
An 40.50 46.30 40.40 49.90 41.10 41.50 42.10 69.00 74.70 83.00 79.60 42.70 69.70 80.40 87.20 39.80 47.00
Or 1.80 1.50 1.30 0.90 1.10 1.10 1.50 1.00 0.60 0.40 0.40 1.50 1.00 0.40 0.30 1.80 1.50
Note: bd = below detection limit, FeO = total iron content
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Table 12.14 (continued). 
 
 
Analysis 132v-5 132v-6 132v-7 132v-8 132v-9 132v-23 132v-24 132v-25 132v-26 132v-27 132v-28 132v-29 132v-30 132v-31 132v-32
Rock type And And And And And And And And And And And And And And And
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 56.06 58.57 58.19 57.61 56.45 55.62 46.02 46.88 51.22 46.90 38.07 58.65 56.34 58.84 57.95
TiO2 0.00 0.00 0.02 0.00 0.00 0.03 0.04 0.06 0.01 0.00 0.08 0.06 0.05 0.03 0.02
Al2O3 28.54 26.40 26.88 27.16 27.09 28.00 33.18 33.62 29.89 32.83 25.19 25.08 27.12 26.16 26.54
FeO 0.23 0.19 0.32 0.28 0.26 0.30 0.64 0.53 1.00 0.41 9.29 0.43 0.21 0.35 0.28
MnO 0.02 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.05 0.01 0.02 0.00 0.01
CaO 10.12 7.73 8.24 8.89 9.43 10.20 17.37 17.05 13.32 16.87 23.91 7.27 9.16 7.65 7.98
Na2O 5.35 6.69 6.40 6.17 5.83 5.32 1.45 1.65 3.53 1.65 0.00 6.66 5.81 6.54 6.10
K2O 0.26 0.31 0.31 0.29 0.26 0.20 0.04 0.07 0.17 0.07 0.00 0.44 0.21 0.30 0.28
BaO 0.04 0.08 0.13 0.13 0.12 0.03 0.03 0.00 0.06 0.01 0.00 0.20 0.08 0.06 0.15
Total 100.61 99.96 100.50 100.54 99.42 99.70 98.79 99.86 99.20 98.74 96.58 98.80 98.98 99.94 99.30
Structural formular based on 32 Oxygene
Si 10.02 10.47 10.37 10.29 10.21 10.04 8.59 8.64 9.42 8.73 7.90 10.62 10.21 10.52 10.43
Al 6.01 5.56 5.64 5.71 5.77 5.95 7.30 7.30 6.47 7.20 6.16 5.35 5.79 5.51 5.63
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Fe2+ 0.03 0.03 0.05 0.04 0.04 0.05 0.10 0.08 0.15 0.06 1.61 0.07 0.03 0.05 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Ca 1.94 1.48 1.57 1.70 1.83 1.97 3.48 3.37 2.63 3.36 5.32 1.41 1.78 1.47 1.54
Na 1.86 2.32 2.21 2.14 2.05 1.86 0.53 0.59 1.26 0.60 0.00 2.34 2.04 2.27 2.13
K 0.06 0.07 0.07 0.07 0.06 0.05 0.01 0.02 0.04 0.02 0.00 0.10 0.05 0.07 0.07
Ba 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Cations 19.92 19.94 19.94 19.95 19.95 19.93 20.01 19.99 19.98 19.96 21.00 19.91 19.92 19.88 19.84
Ab 48.20 59.90 57.40 54.80 52.00 48.00 13.10 14.80 32.10 15.00 0.00 60.70 52.80 59.60 57.00
An 50.30 38.20 40.80 43.60 46.50 50.80 86.70 84.80 66.90 84.60 100.00 36.60 46.00 38.60 41.30
Or 1.50 1.80 1.80 1.70 1.50 1.20 0.20 0.40 1.00 0.40 0.00 2.60 1.30 1.80 1.70
Note: bd = below detection limit, FeO = total iron content
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Table 12.15 EMP analysis of chlorite in propylitic alteration zone from the Seridune prospect. 
 
Analysis 82-2 82-4 82-5 82-6 82-7 82-8 101-14 101-16 101-18 101-19 111-3 111-4 137-11 137-2 137-5 137-9 77-15
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep
SiO2 30.54 30.67 27.59 29.06 30.70 28.02 28.65 28.58 28.17 27.47 28.73 29.47 27.79 29.53 28.56 28.36 27.88
TiO2 bd 0.04 0.07 0.08 0.07 bd bd bd 0.07 0.04 0.05 bd bd bd bd bd 0.08
Al2O3 18.94 19.60 20.79 20.93 20.89 20.36 20.41 19.45 20.12 20.28 20.08 19.18 20.59 18.92 19.30 19.72 20.25
FeO 20.93 19.33 20.78 17.36 17.51 22.95 21.87 21.65 22.57 22.83 19.21 18.79 23.72 20.39 22.72 22.11 20.73
MnO 0.20 0.37 0.41 0.37 0.24 0.14 0.55 0.49 0.51 0.51 0.70 0.64 0.59 0.51 0.61 0.58 0.53
MgO 17.64 17.92 19.29 20.44 18.56 16.25 16.51 17.52 16.81 17.03 19.15 19.40 15.10 18.38 16.96 16.93 17.98
CaO 0.47 0.55 0.08 0.12 0.10 0.04 0.11 0.19 0.13 0.00 0.31 0.43 0.32 0.16 0.15 0.15 0.11
Na2O 0.21 0.18 0.02 0.01 0.03 0.03 0.05 0.01 0.06 bd 0.04 0.10 0.02 0.02 0.01 0.03 0.01
K2O 0.07 0.04 bd 0.20 0.67 0.17 0.02 0.05 0.02 0.02 0.01 0.18 0.01 0.04 0.02 0.03 bd
Cl bd 0.01 0.01 0.01 bd 0.01 bd 0.01 bd 0.01 0.01 0.01 bd 0.01 0.01 bd bd
H2Ocalc 11.93 11.99 11.87 12.06 12.12 11.63 11.73 11.68 11.70 11.63 11.87 11.88 11.58 11.79 11.67 11.65 11.69
Total 100.92 100.71 100.92 100.64 100.88 99.60 99.88 99.61 100.15 99.82 100.15 100.08 99.70 99.75 100.02 99.55 99.26
Structural formula based on 36 Oxygene, 16 (OH, C)
Si 6.14 6.13 5.57 5.78 6.08 5.78 5.86 5.87 5.77 5.67 5.80 5.95 5.76 6.01 5.87 5.84 5.72
AlIV 1.86 1.87 2.43 2.22 1.93 2.22 2.14 2.14 2.23 2.34 2.20 2.05 2.24 1.99 2.13 2.16 2.28
AlVI 2.62 2.75 2.52 2.68 2.94 2.72 2.77 2.57 2.63 2.59 2.58 2.51 2.78 2.54 2.54 2.62 2.62
Ti 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Fe2+ 3.52 3.23 3.51 2.89 2.90 3.96 3.74 3.72 3.87 3.94 3.25 3.17 4.11 3.47 3.90 3.81 3.56
Mn 0.03 0.06 0.07 0.06 0.04 0.02 0.09 0.09 0.09 0.09 0.12 0.11 0.10 0.09 0.11 0.10 0.09
Mg 5.28 5.34 5.81 6.06 5.47 5.00 5.03 5.36 5.14 5.23 5.77 5.84 4.66 5.58 5.20 5.20 5.50
Ca 0.10 0.12 0.02 0.03 0.02 0.01 0.02 0.04 0.03 0.00 0.07 0.09 0.07 0.03 0.03 0.03 0.02
Na 0.08 0.07 0.01 0.00 0.01 0.01 0.02 0.00 0.03 0.00 0.01 0.04 0.01 0.01 0.00 0.01 0.00
K 0.02 0.01 0.00 0.05 0.17 0.05 0.01 0.01 0.01 0.01 0.00 0.05 0.00 0.01 0.01 0.01 0.00
Cations 19.66 19.59 19.94 19.78 19.56 19.77 19.69 19.79 19.79 19.86 19.80 19.81 19.73 19.73 19.79 19.77 19.81
Cl 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00
OH 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00
XFe 0.40 0.38 0.38 0.32 0.35 0.44 0.43 0.41 0.43 0.43 0.36 0.35 0.47 0.38 0.43 0.42 0.39
XMg 0.60 0.62 0.62 0.68 0.65 0.56 0.57 0.59 0.57 0.57 0.64 0.65 0.53 0.62 0.57 0.58 0.61
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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Table 12.15 (continued). 
 
 Analysis 77-6 77-9 114-1 114-10 114-12 114-4 114-5 114-8 114-9 129-1 129-10 129-11 129-12 129-13 129-15 150-5 150-7
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Prop Prop
SiO2 27.49 27.60 27.52 27.81 28.08 28.10 26.88 28.04 27.48 27.80 28.30 28.51 26.75 26.57 26.13 30.14 29.21
TiO2 0.04 bd bd 0.03 bd 0.06 bd bd 0.04 0.06 bd 0.03 bd 0.03 bd 0.03 bd
Al2O3 20.54 20.47 19.41 21.12 19.49 19.78 20.66 20.30 20.41 20.47 20.53 18.83 21.39 21.19 21.13 18.85 22.01
FeO 21.85 20.74 23.89 23.99 21.59 22.24 25.08 22.37 25.42 19.18 19.24 20.28 21.87 23.21 22.71 21.11 22.16
MnO 0.57 0.59 0.60 0.41 0.48 0.59 0.46 0.55 0.53 1.14 1.27 1.78 1.34 1.32 1.26 0.48 0.59
MgO 17.21 18.25 16.44 13.64 18.28 16.82 15.06 16.35 13.80 18.97 18.87 18.71 16.66 16.44 17.13 16.61 13.83
CaO 0.02 0.05 0.09 0.12 0.10 0.07 0.03 0.14 0.09 0.04 0.07 0.11 0.01 0.00 0.00 0.26 0.20
Na2O 0.02 0.01 0.01 0.03 0.01 0.02 bd 0.02 0.02 0.02 0.02 0.01 bd 0.04 bd 0.19 0.02
K2O bd bd bd bd 0.05 bd bd 0.04 0.03 0.03 bd 0.01 bd 0.01 bd 0.14 0.66
Cl bd bd bd 0.04 0.10 0.03 0.05 0.04 0.02 0.01 bd 0.01 0.01 bd bd bd bd
H2Ocalc 11.63 11.69 11.52 11.46 11.67 11.60 11.48 11.62 11.44 11.75 11.85 11.72 11.64 11.63 11.58 11.74 11.80
Total 99.37 99.39 99.47 98.65 99.85 99.30 99.69 99.46 99.28 99.46 100.15 99.99 99.67 100.43 99.93 99.54 100.50
Structural formula based on 36 Oxygene, 16 (OH, C)
Si 5.67 5.66 5.73 5.82 5.76 5.81 5.61 5.78 5.76 5.67 5.73 5.83 5.51 5.48 5.41 6.16 5.94
AlIV 2.33 2.34 2.27 2.19 2.24 2.20 2.39 2.22 2.24 2.33 2.27 2.17 2.49 2.52 2.59 1.84 2.06
AlVI 2.65 2.61 2.49 3.02 2.47 2.62 2.69 2.72 2.80 2.59 2.63 2.37 2.70 2.63 2.56 2.70 3.21
Ti 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.03 0.00 0.00 0.01 0.00
Fe2+ 3.77 3.56 4.16 4.20 3.70 3.84 4.38 3.86 4.46 3.27 3.26 3.47 3.77 4.00 3.93 3.61 3.77
Mn 0.10 0.10 0.11 0.07 0.08 0.10 0.08 0.10 0.09 0.20 0.22 0.31 0.23 0.23 0.22 0.08 0.10
Mg 5.29 5.58 5.10 4.25 5.59 5.18 4.69 5.03 4.31 5.77 5.70 5.71 5.12 5.06 5.29 5.06 4.19
Ca 0.01 0.01 0.02 0.03 0.02 0.02 0.01 0.03 0.02 0.01 0.02 0.02 0.00 0.00 0.00 0.06 0.04
Na 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.07 0.01
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.17
Cations 19.83 19.86 19.88 19.58 19.89 19.78 19.84 19.75 19.71 19.86 19.82 19.89 19.86 19.94 20.01 19.62 19.50
Cl 0.00 0.00 0.00 0.03 0.07 0.02 0.03 0.02 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
OH 16.00 16.00 16.00 15.99 15.96 15.99 15.98 15.99 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00
XFe 0.42 0.39 0.45 0.50 0.40 0.43 0.48 0.43 0.51 0.36 0.36 0.38 0.42 0.44 0.43 0.42 0.47
XMg 0.58 0.61 0.55 0.50 0.60 0.57 0.52 0.57 0.49 0.64 0.64 0.62 0.58 0.56 0.57 0.58 0.53
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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Table 12.16 EMP analysis of epidote in propylitic alteration zone from the Seridune prospect. 
 
 Analysis 101-10 101-3 101-4 101-5 101-6 101-7 101-8 101-9 111-1 111-10 111-11 111-2 111-3 111-6
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep
SiO2 38.49 38.36 38.15 37.99 38.41 38.29 38.25 38.10 38.51 37.93 38.46 38.50 38.19 37.97
TiO2 bd bd 0.18 0.20 0.03 0.17 bd 0.35 0.12 bd bd 0.12 0.02 0.08
Al2O3 24.44 25.97 27.17 23.98 26.70 26.24 27.45 23.82 26.46 21.98 25.05 25.76 25.53 24.58
FeO 11.37 9.29 8.70 11.66 8.72 9.76 8.25 11.73 9.17 14.20 10.65 9.76 10.77 11.58
MnO 0.25 0.10 0.79 0.22 0.20 0.97 0.51 0.12 0.34 0.15 0.16 0.16 0.10 0.17
MgO 0.05 0.04 0.04 0.03 0.03 0.07 0.03 0.08 0.04 0.05 0.11 0.04 0.01 0.02
CaO 24.06 24.24 22.93 23.80 24.07 22.78 23.57 24.16 23.19 23.67 23.73 23.61 24.01 23.82
Na2O bd 0.01 bd bd bd 0.01 0.01 0.02 bd bd bd 0.01 0.01 bd
K2O 0.01 bd 0.01 bd bd 0.01 bd bd 0.01 bd bd bd bd 0.01
H2O 1.93 1.92 1.93 1.91 1.93 1.93 1.93 1.92 1.93 1.90 1.92 1.92 1.93 1.92
Total 100.59 99.94 99.89 99.78 100.09 100.23 99.98 100.29 99.77 99.87 100.08 99.88 100.57 100.15
Structural formula based on 13 Oxygenes and 1 OH
Si 3.00 2.99 2.97 2.99 2.98 2.98 2.97 2.98 3.00 3.00 3.00 3.00 2.97 2.97
AlIV 0.00 0.01 0.04 0.01 0.02 0.02 0.03 0.02 0.00 0.00 0.00 0.00 0.03 0.03
AlVI 2.24 2.37 2.45 2.21 2.42 2.38 2.48 2.18 2.42 2.05 2.30 2.36 2.30 2.24
Ti 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.01
Fe3+ 0.74 0.60 0.57 0.77 0.57 0.63 0.54 0.77 0.60 0.94 0.69 0.64 0.70 0.76
Mn 0.02 0.01 0.05 0.02 0.01 0.06 0.03 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Mg 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Ca 2.01 2.02 1.91 2.00 2.00 1.90 1.96 2.03 1.93 2.01 1.98 1.97 2.00 2.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
XEp 0.75 0.61 0.54 0.78 0.56 0.61 0.51 0.80 0.58 0.95 0.70 0.64 0.68 0.74
XCzo 0.25 0.39 0.46 0.22 0.44 0.39 0.49 0.20 0.42 0.05 0.30 0.36 0.32 0.26
mole% Ps 24.82 20.30 18.73 25.76 18.91 21.05 17.77 26.04 19.76 31.43 23.19 21.19 23.28 25.29
Note: bd = below detection limit, FeO = total iron
X Ep = Fe3+/(Fe3+ + Al + Cr3+ -2) and XCzo = (Al - 2)/(Fe3+ + Al + Cr3+ -2) (Franz and Liebscher, 2004)
mole % Ps = mole percent of pistacite (100*Fe3+)/(Fe3+ + AlVI) (Martinez-Serrano, 2002)
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Table 12.16 (continued). 
 
 Analysis 137-2 137-3 137-4 137-5 137-6 77-1 77-10 77-11 77-12 77-2 77-3 77-5 77-6
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep
SiO2 37.77 38.18 38.15 38.01 37.47 38.47 37.80 37.98 38.01 38.39 38.48 38.21 38.52
TiO2 bd bd 0.03 bd bd 0.10 0.44 0.13 0.10 0.07 0.10 bd bd
Al2O3 22.33 24.37 24.06 22.69 22.14 26.70 21.82 25.24 26.08 25.61 26.31 24.68 26.03
FeO 13.83 11.78 11.83 13.48 14.19 8.65 13.45 10.67 9.08 9.94 8.85 10.85 9.72
MnO 0.18 0.10 bd 0.11 0.09 0.57 0.10 0.31 0.41 0.35 0.17 0.17 0.14
MgO bd 0.03 0.07 0.01 0.01 0.03 0.07 0.04 0.03 0.03 0.03 0.02 0.05
CaO 23.45 23.78 23.80 23.46 23.74 23.60 23.90 23.81 23.58 23.84 24.08 24.01 24.19
Na2O bd 0.01 0.01 0.02 bd bd 0.01 0.02 0.01 0.01 bd bd bd
K2O 0.02 0.01 bd bd bd 0.01 bd bd bd 0.01 0.01 bd 0.01
H2O 1.89 1.92 1.91 1.90 1.89 1.93 1.89 1.92 1.91 1.93 1.93 1.91 1.94
Total 99.47 100.19 99.85 99.68 99.53 100.04 99.46 100.12 99.22 100.16 99.94 99.85 100.60
Structural formula based on 13 Oxygenes and 1 OH
Si 2.99 2.99 2.99 3.00 2.98 2.99 3.00 2.97 2.98 2.99 2.99 2.99 2.98
AlIV 0.01 0.02 0.01 0.00 0.03 0.01 0.00 0.03 0.02 0.01 0.01 0.01 0.02
AlVI 2.08 2.23 2.22 2.11 2.05 2.43 2.04 2.29 2.39 2.34 2.40 2.27 2.36
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.01 0.00 0.01 0.00 0.00
Fe+3 0.92 0.77 0.78 0.89 0.94 0.56 0.89 0.70 0.60 0.65 0.58 0.71 0.63
Mn 0.01 0.01 0.00 0.01 0.01 0.04 0.01 0.02 0.03 0.02 0.01 0.01 0.01
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Ca 1.99 1.99 2.00 1.99 2.02 1.96 2.03 1.99 1.98 1.99 2.01 2.02 2.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
XEp 0.92 0.76 0.78 0.89 0.93 0.56 0.96 0.68 0.59 0.65 0.58 0.72 0.63
XCzo 0.08 0.24 0.22 0.11 0.07 0.44 0.04 0.32 0.41 0.35 0.42 0.28 0.37
mole% Ps 30.59 25.65 25.91 29.64 31.51 18.76 30.41 23.32 19.93 21.64 19.31 23.83 21.05
Note: bd = below detection limit, FeO = total iron
X Ep = Fe3+/(Fe3+ + Al + Cr3+ -2) and XCzo = (Al - 2)/(Fe3+ + Al + Cr3+ -2) (Franz and Liebscher, 2004)
mole % Ps = mole percent of pistacite (100*Fe+3)/(Fe+3 + AlVI) (Martinez-Serrano, 2002)
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12.5.2 Sericite solid solution and related Activity-composition  
 
Three end-members of sericite solid solution consist of muscovite, paragonite and pyrophyllite 
(Bird and Norton, 198, Table 12.17).  
 
Table 12.17 End-members, chemical formula and activity-composition relations of sericite solid solution. 
 
End-members Formula Activity-composition relations
Muscovite/sericite KAl2AlSi3O10(OH)2 a  = (X K
+
,A) (X Al
3+
,M(2))
2 (X Al
3+
,T10) (X Si
4+
,T1M) (X Si
4+
,T2)
2 (X OH)
2-
Paragonite NaAl2AlSi3O10(OH)2 a  = (X Na
+
,A) (X Al
3+
,M(2))
2 (X Al
3+
,T10) (X Si
4+
,T1M) (X Si
4+
,T2)
2 (X OH)
2-
Pyrophyllite Al2Si4O10(OH)2 a  = (X V,A) (X Al
3+
,M(2))
2 (X Si
4+
,T10) (X Si
4+
,T1M) (X Si
4+
,T2)
2 (X OH)
2-
 
 
 
The activity-composition relations of the end-members were computed from serite compositions 
(Table 12.18). The calculation follows the procedures of Bird and Norton (1981), Parry et al. 
(1984) and Arifudin (2006). 
 
The calculation procedures are: 
Mole fraction K on the A sites (XK,A): There is only one A site per formula unit, so the mole 
fraction K is 0.90/1 = 0.90. 
Mole fraction Na on the A sites (XNa, A): There is only one A site per formula unit, so the mole 
fraction Na is 0.07/1 = 0.07. 
Mole fraction of vacancy (cations) on the A sites (XV,A): The total number of A sites is 1 and the 
cations that occupy them are (XV,A) = 1 – (K + Na + Ca) = 0.03.  
Mole fraction Al on M(2) (XAl,M(2)): There are 2 M(2) sites per formula unit, so the mole fraction 
Al on M(2) is 1.71/2, this number should be squared = 0.73. 
Mole fraction Al on T10 (XAl,T1O): There is only 1 T10 site, so the mole fraction Al on T10 is 
0.91/1 = 0.91. 
Mole fraction Si on T10 (XSi,T1O): The total number of T10 sites is 1, so the mole fraction Si on 
T10 is 1 – 0.91 = 0.09. 
Mole fraction Si on T1M (XSi,T1M): There is only 1 T1M site that is fully occupied by Si = 1. 
Mole fraction Si on T2 (XSi,T2) : There are 2 T2 sites and both are fully occupied by Si = 2/2, this 
number should be squared = 1. 
Mole fraction OH (XOH): There are 2 OH sites = 1.94/2 and this number should be squared = 
0.94. 
 
• Muscovite activity (aMs.) = 0.90*0.73*0.91*0.94 = 0.562. 
• Paragonite activity (aPg.) = 0.07*0.73*0.91*0.94 = 0.044. 
• Pyrophyllite activity (aPrl.) = 0.03*0.73*0.09*0.94 = 0.002. 
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Table 12.18 EMP analysis and activity calculation of sericite in granodiorite from the Seridune prospect. 
 
Analysis 52-1 52-2 52-3 52-4 52-5 52-6 52-9 56-3 56-6 56-7 56-9
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser
SiO2 46.06 46.29 46.54 47.33 48.02 49.19 47.02 46.64 45.65 45.00 45.54
TiO2 0.29 0.32 0.24 0.20 0.24 0.11 0.21 0.12 0.31 0.52 0.54
Al2O3 34.36 35.79 33.09 33.37 32.22 32.80 34.20 31.37 35.26 35.55 34.54
FeO 2.39 1.66 2.63 2.73 2.73 2.22 2.55 3.51 1.85 2.16 2.17
MnO bd bd bd bd bd bd bd 0.04 bd bd bd
MgO 0.59 0.76 1.39 0.97 1.10 1.25 0.90 1.62 0.36 0.41 0.48
CaO bd 0.02 0.02 0.03 0.01 0.03 0.05 0.01 bd bd 0.02
Na2O 0.62 0.58 0.48 0.50 0.55 0.50 0.61 0.32 0.34 0.36 0.46
K2O 9.94 10.07 9.63 9.15 9.68 9.09 9.35 10.46 10.84 10.84 10.67
F bd 0.06 0.10 0.07 0.08 0.21 bd 0.69 0.25 0.28 0.42
Cl bd bd bd 0.01 bd 0.02 0.01 0.02 0.00 0.02 0.03
H2Ocalc 4.45 4.49 4.39 4.44 4.43 4.44 4.48 4.06 4.34 4.31 4.23
Total 98.69 100.03 98.51 98.79 99.05 99.86 99.38 98.86 99.20 99.45 99.08
Structural formula based on 24 (O, OH, F, Cl)
Si 6.21 6.14 6.29 6.35 6.44 6.50 6.27 6.36 6.14 6.06 6.16
AlIV 1.79 1.86 1.71 1.65 1.56 1.50 1.73 1.64 1.86 1.94 1.85
AlVI 3.67 3.73 3.55 3.62 3.53 3.60 3.65 3.40 3.73 3.70 3.65
Ti 0.03 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.03 0.05 0.05
Fe2+ 0.27 0.18 0.30 0.31 0.31 0.25 0.29 0.40 0.21 0.24 0.25
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 0.12 0.15 0.28 0.19 0.22 0.25 0.18 0.33 0.07 0.08 0.10
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Na 0.16 0.15 0.13 0.13 0.14 0.13 0.16 0.09 0.09 0.10 0.12
K 1.71 1.70 1.66 1.57 1.66 1.53 1.59 1.82 1.86 1.86 1.84
F 0.00 0.05 0.09 0.06 0.07 0.18 0.03 0.60 0.21 0.24 0.36
Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01
OHcalc 4.00 3.98 3.96 3.97 3.97 3.91 3.98 3.70 3.89 3.88 3.82
XFe 0.70 0.55 0.51 0.61 0.58 0.50 0.61 0.55 0.74 0.75 0.72
XMg 0.30 0.45 0.49 0.39 0.42 0.50 0.39 0.45 0.26 0.25 0.28
X  K,A 0.86 0.85 0.83 0.78 0.83 0.77 0.80 0.91 0.93 0.93 0.92
XNa, A 0.08 0.08 0.06 0.07 0.07 0.06 0.08 0.04 0.04 0.05 0.06
XV,A 0.06 0.07 0.11 0.15 0.10 0.17 0.12 0.05 0.03 0.02 0.02
XAl,M2 0.92 0.93 0.89 0.90 0.88 0.90 0.91 0.85 0.93 0.93 0.91
(XA l,M2)2 0.84 0.87 0.79 0.82 0.78 0.81 0.83 0.72 0.87 0.86 0.83
XA l,T1O 0.89 0.93 0.86 0.83 0.78 0.75 0.86 0.82 0.93 0.97 0.92
X(Si,T1O) 0.11 0.07 0.14 0.17 0.22 0.25 0.14 0.18 0.07 0.03 0.08
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 1.00 0.99 0.99 0.99 0.99 0.98 1.00 0.92 0.97 0.97 0.95
(XOH)2 1.00 0.99 0.98 0.98 0.98 0.95 0.99 0.85 0.95 0.94 0.91
aMs 0.64 0.68 0.55 0.52 0.49 0.44 0.57 0.46 0.71 0.73 0.64
aPg 0.06 0.06 0.04 0.04 0.04 0.04 0.06 0.02 0.03 0.04 0.04
aPrl 0.01 0.00 0.01 0.02 0.02 0.03 0.01 0.01 0.00 0.00 0.00
Notes: bd = below detection limit, FeO = total iron
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T
Analysis 110-2 110-4 110-5 110-7 110-8 110-9 110-10 110-11 110-15 110-17 113-2
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser
SiO2 50.34 49.75 49.68 49.74 49.92 50.61 49.39 49.53 49.41 48.87 49.30
TiO2 0.13 0.08 0.13 0.10 0.10 0.09 0.14 0.09 0.12 0.12 0.08
Al2O3 31.89 32.53 31.68 32.01 33.14 32.93 31.55 32.71 32.37 32.76 30.28
FeO 1.22 1.10 1.64 0.89 0.77 0.40 1.62 1.26 1.52 1.59 1.80
MnO 0.16 0.08 0.18 0.08 0.11 0.07 0.13 0.10 0.08 0.09 bd
MgO 2.07 1.71 2.12 1.85 1.81 1.89 1.88 1.95 1.63 1.60 2.03
CaO 0.07 0.13 0.00 0.08 0.05 0.09 0.05 0.07 0.10 0.06 0.03
Na2O 0.12 0.08 0.12 0.11 0.10 0.08 0.13 0.10 0.12 0.11 0.05
K2O 10.12 9.05 9.91 9.54 9.78 9.24 10.47 9.16 9.00 9.63 10.51
F bd 0.12 0.07 0.08 0.06 0.15 bd 0.10 bd bd 0.15
Cl 0.01 bd bd 0.02 0.02 0.03 0.01 bd bd 0.01 bd
H2Ocalc 4.58 4.48 4.51 4.48 4.56 4.52 4.52 4.51 4.51 4.52 4.39
Total 100.69 99.11 100.04 98.97 100.40 100.09 99.89 99.56 98.84 99.36 98.63
Structural formula based on 24 (O, OH, F, Cl)
Si 6.59 6.57 6.56 6.59 6.52 6.59 6.55 6.52 6.55 6.48 6.63
AlIV 1.41 1.43 1.44 1.41 1.48 1.41 1.45 1.48 1.45 1.52 1.37
AlVI 3.50 3.63 3.48 3.58 3.62 3.65 3.48 3.59 3.60 3.59 3.43
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe2+ 0.13 0.12 0.18 0.10 0.08 0.04 0.18 0.14 0.17 0.18 0.20
Mn 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Mg 0.40 0.34 0.42 0.37 0.35 0.37 0.37 0.38 0.32 0.32 0.41
Ca 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.03 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.01
K 1.69 1.53 1.67 1.61 1.63 1.54 1.77 1.54 1.52 1.63 1.80
F 0.00 0.10 0.06 0.07 0.05 0.13 0.00 0.08 0.02 0.00 0.13
Cl 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
OHcalc 4.00 3.95 3.97 3.96 3.97 3.93 4.00 3.96 3.99 4.00 3.94
XFe 0.25 0.27 0.30 0.21 0.19 0.10 0.33 0.27 0.34 0.36 0.33
XMg 0.75 0.73 0.70 0.79 0.81 0.90 0.67 0.73 0.66 0.64 0.67
X  K,A 0.84 0.76 0.83 0.81 0.82 0.77 0.89 0.77 0.76 0.81 0.90
XNa, A 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01
XV,A 0.14 0.22 0.15 0.17 0.17 0.22 0.09 0.21 0.22 0.17 0.09
XAl,M2 0.88 0.91 0.87 0.90 0.91 0.91 0.87 0.90 0.90 0.90 0.86
(XA l,M2)2 0.77 0.82 0.76 0.80 0.82 0.83 0.76 0.81 0.81 0.81 0.73
XA l,T1O 0.71 0.72 0.72 0.71 0.74 0.70 0.73 0.74 0.73 0.76 0.69
X(Si,T1O) 0.29 0.28 0.28 0.30 0.26 0.30 0.27 0.26 0.28 0.24 0.32
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 1.00 0.99 0.99 0.99 0.99 0.98 1.00 0.99 1.00 1.00 0.98
(XOH)2 1.00 0.97 0.99 0.98 0.99 0.97 1.00 0.98 0.99 1.00 0.97
aMs 0.46 0.44 0.45 0.45 0.49 0.43 0.48 0.45 0.44 0.50 0.44
aPg 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
aPrl 0.03 0.05 0.03 0.04 0.04 0.05 0.02 0.04 0.05 0.03 0.02
able 12.18 (continued). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: bd = below detection limit, FeO = total iron 
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T
Analysis 75-5 86
Rock type Grd G
-4 86-6 86-7 131-6 131-7 131-9 131-10 131-11 131-15
rd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay
SiO2 48.97 50.07 49.84 47.85 48.59 48.64 51.24 49.45 50.11 49.71
TiO2 0.03 0.08 0.18 0.20 0.13 bd 0.03 0.15 0.07 0.11
Al2O3 33.20 31.64 30.76 32.71 31.81 32.49 31.49 30.94 30.71 30.23
FeO 1.96 0.56 1.55 2.06 2.40 2.00 1.63 2.25 2.02 2.09
MnO bd 0.07 0.09 bd 0.04 0.04 0.05 0.04 0.02 0.02
MgO 1.04 2.07 2.33 1.44 1.57 1.33 1.54 1.77 1.41 1.58
CaO 0.06 0.09 0.04 0.03 0.04 0.04 0.22 0.06 0.04 0.14
Na2O 0.09 0.11 0.13 0.36 0.07 0.08 0.07 0.06 0.21 0.44
K2O 9.92 9.36 10.43 9.71 10.33 10.16 9.25 10.03 10.48 9.88
F bd bd 0.12 bd bd bd bd bd 0.06 bd
Cl 0.01 0.04 0.03 0.02 bd bd 0.03 0.05 0.04 0.02
H2Ocalc 4.51 4.50 4.46 4.47 4.47 4.50 4.58 4.48 4.47 4.46
Total 99.79 98.59 99.95 98.86 99.46 99.28 100.13 99.28 99.64 98.66
Structural formula based on 24 (O, OH, F, Cl)
Si 6.48 6.64 6.61 6.41 6.49 6.48 6.71 6.60 6.67 6.67
AlIV 1.52 1.36 1.40 1.59 1.51 1.52 1.30 1.40 1.33 1.33
AlVI 3.65 3.58 3.41 3.57 3.49 3.58 3.56 3.46 3.48 3.44
Ti 0.00 0.01 0.02 0.02 0.01 0.00 0.00 0.02 0.01 0.01
Fe2+ 0.22 0.06 0.17 0.23 0.27 0.22 0.18 0.25 0.23 0.23
Mn 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Mg 0.21 0.41 0.46 0.29 0.31 0.27 0.30 0.35 0.28 0.32
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.02
Na 0.02 0.03 0.03 0.09 0.02 0.02 0.02 0.01 0.05 0.11
K 1.67 1.58 1.76 1.66 1.76 1.73 1.55 1.71 1.78 1.69
F 0.03 0.03 0.10 0.01 0.04 0.00 0.00 0.00 0.05 0.01
Cl 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.02 0.02 0.01
OHcalc 3.98 3.97 3.94 3.99 3.98 4.00 3.99 3.99 3.97 3.99
XFe 0.51 0.13 0.27 0.44 0.46 0.46 0.37 0.42 0.45 0.43
XMg 0.49 0.87 0.73 0.56 0.54 0.54 0.63 0.58 0.55 0.57
X  K,A 0.84 0.79 0.88 0.83 0.88 0.86 0.77 0.85 0.89 0.85
XNa, A 0.01 0.01 0.02 0.05 0.01 0.01 0.01 0.01 0.03 0.06
XV,A 0.15 0.19 0.10 0.12 0.11 0.12 0.20 0.14 0.08 0.09
XAl,M2 0.91 0.89 0.85 0.89 0.87 0.90 0.89 0.86 0.87 0.86
(XA l,M2)2 0.83 0.80 0.73 0.79 0.76 0.80 0.79 0.75 0.76 0.74
XA l,T1O 0.76 0.68 0.70 0.80 0.76 0.76 0.65 0.70 0.67 0.67
X(Si,T1O) 0.24 0.32 0.30 0.20 0.25 0.24 0.35 0.30 0.33 0.33
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 0.99 1.00
(XOH)2 0.99 0.99 0.97 0.99 0.99 1.00 1.00 0.99 0.98 1.00
aMs 0.53 0.43 0.43 0.52 0.50 0.53 0.39 0.45 0.44 0.42
aPg 0.01 0.01 0.01 0.03 0.01 0.01 0.00 0.00 0.01 0.03
aPrl 0.03 0.05 0.02 0.02 0.02 0.02 0.06 0.03 0.02 0.02
Notes: bd = below detection limit, FeO = total iron
able 12.18 (continued). 
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T
Analysis 133-1 133-
Rock type Grd G
3 133-4 133-11 153-1 153-3 153-4 153-5 153-6 153-7 153-8
rd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay Qtz-clay
SiO2 48.55 50.29 49.65 49.35 50.80 50.44 50.86 50.87 50.59 50.50 51.00
TiO2 0.04 0.03 0.02 0.07 0.04 0.05 0.04 0.15 0.09 0.10 0.05
Al2O3 32.27 32.40 32.69 32.39 31.32 31.15 31.01 31.62 32.37 31.57 32.26
FeO 0.71 0.51 0.76 0.89 0.37 0.39 0.39 0.24 0.23 0.18 0.32
MnO 0.05 0.08 0.02 0.05 0.08 0.08 0.08 0.04 0.06 0.07 0.05
MgO 1.98 2.02 1.61 2.10 2.12 2.03 2.01 1.92 1.90 1.79 2.01
CaO 0.06 0.09 0.09 0.08 0.04 0.04 0.04 0.03 0.04 0.03 0.06
Na2O 0.06 0.06 0.06 0.05 0.08 0.12 0.08 0.05 0.10 0.11 0.09
K2O 10.51 9.53 10.17 10.04 10.18 10.38 10.33 10.07 10.21 10.02 9.87
F bd 0.19 0.14 0.07 bd bd 0.05 bd 0.07 bd 0.05
Cl bd bd 0.01 0.03 0.04 0.03 0.03 0.02 bd 0.03 0.04
H2Ocalc 4.49 4.48 4.48 4.50 4.54 4.52 4.51 4.55 4.55 4.53 4.57
Total 98.73 99.67 99.69 99.61 99.60 99.23 99.42 99.57 100.20 98.93 100.35
Structural formula based on 24 (O, OH, F, Cl)
Si 6.49 6.60 6.55 6.52 6.69 6.68 6.71 6.68 6.61 6.68 6.65
AlIV 1.51 1.40 1.45 1.48 1.32 1.33 1.29 1.32 1.39 1.32 1.36
AlVI 3.57 3.61 3.62 3.56 3.54 3.53 3.53 3.57 3.60 3.59 3.60
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.00
Fe2+ 0.08 0.06 0.08 0.10 0.04 0.04 0.04 0.03 0.03 0.02 0.03
Mn 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.40 0.40 0.32 0.41 0.42 0.40 0.40 0.38 0.37 0.35 0.39
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.02 0.01 0.02 0.01 0.02 0.03 0.02 0.01 0.02 0.03 0.02
K 1.79 1.60 1.71 1.69 1.71 1.75 1.74 1.69 1.70 1.69 1.64
F 0.00 0.16 0.11 0.06 0.01 0.00 0.04 0.02 0.06 0.00 0.04
Cl 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.02
OHcalc 4.00 3.92 3.94 3.96 3.99 3.99 3.97 3.99 3.97 3.99 3.97
XFe 0.17 0.12 0.21 0.19 0.09 0.10 0.10 0.06 0.06 0.05 0.08
XMg 0.83 0.88 0.79 0.81 0.91 0.90 0.90 0.94 0.94 0.95 0.92
X  K,A 0.90 0.80 0.86 0.85 0.85 0.88 0.87 0.84 0.85 0.85 0.82
XNa, A 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
XV,A 0.09 0.19 0.13 0.14 0.13 0.11 0.12 0.15 0.13 0.14 0.16
XAl,M2 0.89 0.90 0.91 0.89 0.88 0.88 0.88 0.89 0.90 0.90 0.90
(XA l,M2)2 0.79 0.81 0.82 0.79 0.78 0.78 0.78 0.80 0.81 0.81 0.81
XA l,T1O 0.76 0.70 0.73 0.74 0.66 0.66 0.64 0.66 0.69 0.66 0.68
X(Si,T1O) 0.24 0.30 0.27 0.26 0.34 0.34 0.36 0.34 0.31 0.34 0.32
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 1.00 0.98 0.99 0.99 1.00 1.00 0.99 1.00 0.99 1.00 0.99
(XOH)2 1.00 0.96 0.97 0.98 0.99 1.00 0.99 0.99 0.99 1.00 0.99
aMs 0.54 0.44 0.50 0.49 0.44 0.45 0.43 0.44 0.47 0.45 0.44
aPg 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01
aPrl 0.02 0.04 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.04 0.04
Notes: bd = below detection limit, FeO = total iron
able 12.18 (continued). 
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T
Analysis 153-9 153-11 153-13 153-14 101-1 137-2 137-3 137-4 137-7 137-8 137-10
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
-clay Qtz-clay Qtz-clay Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep
2 22 50.81 50.33 46.89 48.99 50.58 50.50 47.99 49.26 49.45
Alteration Qtz-clay Qtz
SiO 48.05 50.
TiO2 0.02 0.08 0.11 0.10 0.05 0.03 bd 0.05 0.03 0.03 0.02
Al2O3 32.07 32.18 32.13 31.69 36.20 32.49 30.74 32.85 31.51 32.82 30.35
FeO 1.75 0.29 0.26 0.24 1.10 1.85 2.55 1.59 3.33 1.57 2.90
MnO 0.12 0.06 0.06 0.04 bd 0.02 0.04 bd 0.04 bd bd
MgO 2.98 2.06 1.95 1.98 0.36 0.97 1.43 0.98 2.01 1.04 1.54
CaO 0.10 0.04 0.01 0.05 0.16 0.05 0.10 0.20 0.08 0.17 0.05
Na2O 0.13 0.11 0.07 0.07 0.14 0.07 0.05 0.12 0.08 0.10 0.03
K2O 9.70 10.22 10.20 10.19 10.30 10.36 9.97 9.36 9.52 9.60 10.44
F 0.11 0.18 bd 0.07 bd 0.10 0.07 bd 0.06 0.13 0.22
Cl 0.05 0.05 0.02 0.06 bd bd 0.01 0.01 0.01 0.01 bd
H2Ocalc 4.44 4.47 4.58 4.49 4.53 4.46 4.50 4.59 4.44 4.46 4.36
Total 99.53 99.97 100.20 99.31 99.73 99.37 100.05 100.24 99.10 99.19 99.36
Structural formula based on 24 (O, OH, F, Cl)
Si 6.40 6.60 6.64 6.64 6.21 6.52 6.69 6.60 6.45 6.53 6.63
AlIV 1.60 1.40 1.36 1.36 1.79 1.48 1.31 1.40 1.56 1.47 1.37
AlVI 3.42 3.57 3.58 3.57 3.85 3.62 3.48 3.66 3.43 3.66 3.42
Ti 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe2+ 0.20 0.03 0.03 0.03 0.12 0.21 0.28 0.17 0.37 0.17 0.33
Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 0.59 0.40 0.38 0.39 0.07 0.19 0.28 0.19 0.40 0.21 0.31
Ca 0.01 0.01 0.00 0.01 0.02 0.01 0.02 0.03 0.01 0.02 0.01
Na 0.04 0.03 0.02 0.02 0.04 0.02 0.01 0.03 0.02 0.03 0.01
K 1.65 1.71 1.70 1.72 1.74 1.76 1.68 1.56 1.63 1.62 1.79
F 0.09 0.15 0.01 0.06 0.00 0.08 0.06 0.00 0.05 0.11 0.19
Cl 0.02 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OHcalc 3.95 3.91 3.99 3.96 4.00 3.96 3.97 4.00 3.97 3.94 3.90
XFe 0.25 0.07 0.07 0.06 0.63 0.52 0.50 0.48 0.48 0.46 0.51
XMg 0.75 0.93 0.93 0.94 0.37 0.48 0.50 0.52 0.52 0.54 0.49
X  K,A 0.82 0.86 0.85 0.86 0.87 0.88 0.84 0.78 0.82 0.81 0.89
XNa, A 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00
XV,A 0.15 0.13 0.14 0.13 0.10 0.11 0.15 0.19 0.17 0.16 0.10
XAl,M2 0.86 0.89 0.90 0.89 0.96 0.91 0.87 0.92 0.86 0.91 0.86
(XA l,M2)2 0.73 0.80 0.80 0.80 0.93 0.82 0.76 0.84 0.74 0.84 0.73
XA l,T1O 0.80 0.70 0.68 0.68 0.90 0.74 0.66 0.70 0.78 0.73 0.68
X(Si,T1O) 0.20 0.30 0.32 0.32 0.10 0.26 0.34 0.30 0.22 0.27 0.32
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 0.99 0.98 1.00 0.99 1.00 0.99 0.99 1.00 0.99 0.99 0.98
(XOH)2 0.97 0.96 1.00 0.98 1.00 0.98 0.98 1.00 0.99 0.97 0.95
aMs 0.47 0.46 0.46 0.45 0.72 0.52 0.41 0.46 0.46 0.48 0.43
aPg 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00
aPrl 0.02 0.03 0.04 0.03 0.01 0.02 0.04 0.05 0.03 0.04 0.02
Notes: bd = below detection limit, FeO = total iron
able 12.18 (continued). 
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T
Analysis 143-1 57-2 57-3 57-6 57-8 57-9 61-10 61-15 61-6 61-7 61-8
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
n-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
Qtz-aln-
prl
SiO2 49.60 65.57 66.93 64.78 66.63 66.58 65.68 65.94 66.03 65.82 72.58
Alteration Chl-ep
Qtz-al
TiO2 0.14 0.02 bd bd bd 0.02 bd bd bd bd bd
Al2O3 28.82 28.39 28.55 28.33 28.12 28.38 29.29 29.43 29.04 29.59 22.17
FeO 4.95 0.04 bd bd bd 0.02 0.03 0.09 0.02 0.06 0.04
MnO 0.10 bd bd 0.02 bd bd bd bd bd 0.03 0.03
MgO 1.60 0.03 bd bd 0.01 0.01 0.04 0.02 0.03 0.04 0.02
CaO 0.05 0.03 0.04 0.13 bd 0.04 0.02 0.03 0.02 0.05 0.02
Na2O 0.07 0.18 0.09 0.10 0.08 0.10 0.16 0.13 0.16 0.12 0.12
K2O 10.10 0.04 0.01 0.04 0.01 0.02 0.12 0.09 0.05 0.09 0.13
F 0.11 0.16 0.16 0.05 0.09 0.05 0.08 0.08 0.17 0.19 bd
Cl 0.02 0.02 0.02 0.01 0.01 bd 0.04 0.01 0.03 0.05 0.01
H2Ocalc 4.40 4.87 4.95 4.88 4.95 4.98 4.95 4.98 4.92 4.92 5.03
Total 99.94 99.33 100.75 98.32 99.89 100.19 100.40 100.79 100.46 100.96 100.12
Structural formula based on 24 (O, OH, F, Cl)
Si 6.67 7.94 7.98 7.92 8.01 7.98 7.88 7.87 7.91 7.86 8.65
AlIV 1.33 0.06 0.02 0.08 0.00 0.02 0.13 0.13 0.09 0.14 0.00
AlVI 3.24 3.99 3.99 4.00 3.98 3.99 4.01 4.01 4.00 4.02 3.11
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.32 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Ca 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Na 0.02 0.04 0.02 0.02 0.02 0.02 0.04 0.03 0.04 0.03 0.03
K 1.73 0.01 0.00 0.01 0.00 0.00 0.02 0.01 0.01 0.01 0.02
F 0.09 0.12 0.12 0.04 0.07 0.04 0.06 0.06 0.13 0.14 0.00
Cl 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.01 0.02 0.01
OHcalc 3.95 3.94 3.94 3.98 3.96 3.98 3.96 3.97 3.93 3.92 4.00
XFe 0.64 0.44 0.00 0.00 0.50 0.50 0.27 0.75 0.33 0.50 0.57
XMg 0.36 0.56 1.00 1.00 0.50 0.50 0.73 0.25 0.67 0.50 0.43
X  K,A 0.87 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
XNa, A 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01
XV,A 0.12 0.97 0.99 0.98 0.99 0.99 0.97 0.98 0.98 0.98 0.98
XAl,M2 0.81 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.78
(XA l,M2)2 0.66 0.99 1.00 1.00 0.99 0.99 1.01 1.01 1.00 1.01 0.60
XA l,T1O 0.66 0.03 0.01 0.04 0.00 0.01 0.06 0.06 0.05 0.07 0.00
X(Si,T1O) 0.34 0.97 0.99 0.96 1.00 0.99 0.94 0.94 0.95 0.93 1.00
XS i,T1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XS i,T2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(XSi,T2)2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
XOH 0.99 0.98 0.98 0.99 0.99 1.00 0.99 0.99 0.98 0.98 1.00
(XOH)2 0.98 0.97 0.97 0.99 0.98 0.99 0.98 0.98 0.96 0.96 1.00
aMs 0.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
aPg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
aPrl 0.03 0.91 0.94 0.93 0.96 0.96 0.90 0.91 0.90 0.88 0.59
Notes: bd = below detection limit, FeO = total iron
able 12.18 (continued). 
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Table 12.19 EMP analysis and activity calculation of pyrophyllite in granodiorite from the Seridune prospect. 
 
 Analysis 57-10 57-11 57-2 57-3 57-4 57-6 57-8 57-9 68-10 68-14 68-19 68-22
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl Qtz-aln-prl
SiO2 66.48 66.99 66.54 66.28 65.64 66.49 66.13 66.77 67.07 67.05 66.59 66.05
TiO2 bd 0.02 bd 0.04 bd bd bd 0.02 bd bd 0.02 bd
Al2O3 29.82 29.13 28.34 28.23 30.01 29.31 29.65 29.58 28.80 28.57 28.63 29.22
FeO 0.02 0.02 0.02 bd 0.05 bd bd bd bd 0.06 0.04 0.05
MnO bd 0.02 0.03 bd bd bd bd bd bd bd bd bd
MgO 0.02 0.03 0.01 0.02 0.02 bd bd bd 0.02 0.04 0.02 0.03
CaO 0.02 0.05 0.01 0.02 0.07 0.02 0.06 0.02 0.01 0.07 0.04 0.02
Na2O 0.19 0.16 0.08 0.05 0.24 0.06 0.18 0.07 0.13 0.23 0.08 0.14
K2O 0.04 0.09 0.00 0.03 0.05 0.03 0.04 0.05 0.01 0.03 0.02 0.03
F 0.02 0.02 0.05 0.18 0.11 0.14 bd 0.12 0.15 0.14 0.09 0.06
Cl 0.01 bd bd 0.02 0.02 bd 0.03 bd 0.01 0.04 0.01 bd
H2Ocalc. 5.05 5.05 4.98 4.89 4.98 4.97 5.03 5.01 4.98 4.97 4.97 4.99
Total 101.67 101.57 100.05 99.75 101.19 101.03 101.11 101.63 101.16 101.18 100.52 100.57
Structural formula based on 24 (O, OH, F, Cl)
Si 7.87 7.93 7.98 7.98 7.82 7.91 7.87 7.90 7.97 7.97 7.96 7.90
AlIV 0.14 0.07 0.02 0.02 0.18 0.09 0.13 0.10 0.04 0.03 0.04 0.10
AlVI 4.02 3.99 3.99 3.99 4.03 4.02 4.02 4.02 3.99 3.97 3.99 4.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ca 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Na 0.04 0.04 0.02 0.01 0.06 0.02 0.04 0.02 0.03 0.05 0.02 0.03
K 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
F 0.02 0.02 0.04 0.14 0.08 0.11 0.00 0.09 0.11 0.10 0.07 0.05
Cl 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00
OHcalc. 3.99 3.99 3.98 3.93 3.96 3.95 3.99 3.96 3.94 3.94 3.97 3.98
XFe 0.25 0.25 0.67 0.00 0.56 0.00 0.00 0.00 0.25 0.46 0.50 0.56
XMg 0.75 0.75 0.33 1.00 0.44 0.00 1.00 0.00 0.75 0.54 0.50 0.44
Notes: bd = below detection limit, FeO = total iron.
 XFe = mole fraction of iron (Fe2+/(Fe2++Mg), XMg = mole fraction of magnesium Mg/(Mg+Fe2+).
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12.5.3 Oxide minerals 
 
Table 12.20 EMP analysis of magnetite in granodiorite from the Seridune prospect. 
 
 Analysis 114-11 114-12 114-21 114-22 114-31 114-32 114-33 114-5 137-1 137-21 137-22 137-31 137-32
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA Chl-ep Chl-ep Chl-ep Chl-ep Chl-ep
TiO2 4.81 4.73 4.40 4.86 4.85 4.82 4.88 5.10 4.38 1.91 4.88 4.18 4.34
Al2O3 1.45 1.28 1.13 1.58 1.65 1.56 1.50 1.49 1.25 0.24 1.35 1.26 1.37
Cr2O3 bd bd bd bd 0.03 bd bd bd 0.05 bd bd bd 0.05
V2O3 bd bd bd bd bd bd bd bd bd bd bd bd bd
FeO 84.05 85.15 85.17 84.80 85.64 84.48 85.42 84.91 84.87 89.67 85.84 85.82 86.31
MnO 0.14 0.14 0.06 0.22 0.06 0.10 0.08 0.71 0.09 0.30 0.08 0.09 0.10
MgO 0.36 0.26 0.05 0.68 0.28 0.24 0.11 0.66 0.03 0.02 0.13 0.10 0.41
  Sub total  90.89 91.59 91.03 92.22 92.53 91.24 92.01 92.94 90.74 92.18 92.31 91.51 92.60
Fe2O3calc 55.51 56.48 56.34 56.46 56.50 55.65 56.17 56.61 56.34 63.97 56.54 57.43 58.00
FeOcalc 34.10 34.32 34.47 33.99 34.80 34.40 34.87 33.97 34.18 32.11 34.96 34.14 34.12
Total 96.45 97.25 96.67 97.87 98.19 96.81 97.63 98.61 96.39 98.59 97.97 97.27 98.41
Structural formula based on 32 oxygene
Si 0.03 0.01 0.07 0.02 0.00 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.01
Ti 1.14 1.11 1.04 1.13 1.13 1.14 1.14 1.18 1.04 0.45 1.14 0.98 1.01
Al 0.54 0.47 0.42 0.58 0.60 0.58 0.55 0.54 0.47 0.09 0.49 0.46 0.50
Cr 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 13.13 13.28 13.35 13.12 13.13 13.12 13.15 13.06 13.39 15.00 13.20 13.53 13.46
Fe2+ 8.96 8.97 9.08 8.78 8.99 9.01 9.08 8.71 9.03 8.37 9.07 8.94 8.80
Mn 0.04 0.04 0.01 0.06 0.01 0.03 0.02 0.18 0.02 0.08 0.02 0.02 0.02
Mg 0.17 0.12 0.02 0.31 0.13 0.11 0.05 0.30 0.01 0.01 0.06 0.05 0.19
Hc(X1) 1.64 1.63 3.25 0.04 2.18 2.39 2.88 0.14 3.05 0.55 2.49 2.60 0.85
Spl(X2) 2.08 1.50 0.28 3.89 1.62 1.40 0.64 3.78 0.16 0.09 0.73 0.57 2.36
Chr(X3) 0.00 0.00 0.00 0.03 0.05 0.01 0.00 0.01 0.07 0.03 0.00 0.00 0.08
Usp(X4) 14.21 13.88 13.03 14.11 14.09 14.20 14.27 14.70 13.01 5.59 14.25 12.29 12.57
Mag(X5) 82.07 83.00 83.44 82.02 82.06 82.00 82.21 81.65 83.70 93.75 82.53 84.54 84.14
Notes: bd = below detection limite,
Mole fraction calculation of spinel-oxide based on Ghiarso and Sack (1991)  
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Table 12.21 EMP analysis of magnetite in volcanic andesite from the Seridune prospect. 
 
 Analysis 132-3 132-21 132-13 132-11 132-12 132-22 132-23 132-62 132-63 132-7 132-8 132-9 132-10
Rock type And And And And And And And And And And And And And
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA
TiO2 0.37 11.56 3.18 6.47 0.57 0.50 0.91 0.71 1.30 0.43 1.53 0.77 1.06
Al2O3 2.23 0.08 0.34 0.54 0.16 1.80 0.15 0.09 0.29 0.21 0.02 0.07 0.04
Cr2O3 bd bd bd 0.06 bd 0.03 bd bd bd bd 0.04 0.13 0.06
V2O3 bd bd bd bd bd bd bd bd bd bd bd 0.46 0.12
FeO 83.93 79.73 87.18 83.87 90.93 88.97 90.70 90.35 89.74 89.99 88.96 89.34 89.06
MnO 0.08 0.06 0.62 1.36 0.06 0.16 0.04 0.04 0.23 0.05 0.06 0.10 0.08
MgO 2.26 0.02 0.00 0.02 0.00 0.05 0.01 0.01 0.01 0.00 0.01 0.00 0.01
  Sub total  91.98 91.52 91.38 92.36 91.78 91.55 91.86 91.30 91.64 90.75 90.66 90.99 90.47
Fe2O3calc 58.10 43.58 60.55 54.17 66.46 64.40 65.85 65.79 64.66 65.94 63.82 64.80 64.46
FeOcalc 31.65 40.52 32.70 35.13 31.12 31.02 31.45 31.15 31.55 30.66 31.54 31.03 31.05
Total 97.79 95.88 97.44 97.79 98.44 98.00 98.45 97.89 98.11 97.35 97.05 97.48 96.92
Structural formula based on 32 oxygene
Si 0.93 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.04 0.02
Ti 0.08 2.76 0.75 1.52 0.13 0.12 0.21 0.17 0.31 0.10 0.36 0.18 0.25
Al 0.79 0.03 0.12 0.20 0.06 0.66 0.05 0.03 0.11 0.08 0.01 0.03 0.01
Cr 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.03 0.01
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.03
Fe3+ 13.18 10.41 14.34 12.72 15.64 15.07 15.48 15.56 15.24 15.68 15.22 15.39 15.40
Fe2+ 7.98 10.75 8.60 9.17 8.14 8.07 8.22 8.19 8.26 8.10 8.36 8.19 8.25
Mn 0.02 0.02 0.16 0.36 0.02 0.04 0.01 0.01 0.06 0.01 0.02 0.03 0.02
Mg 1.02 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Hc(X1) 3.90 0.31 0.98 1.32 0.59 4.03 0.51 0.59 0.88 0.69 0.18 1.33 0.46
Spl(X2) 12.69 0.13 0.01 0.10 0.00 0.29 0.03 0.04 0.08 0.00 0.05 0.00 0.05
Chr(X3) 0.01 0.00 0.00 0.09 0.02 0.04 0.00 0.00 0.00 0.03 0.06 0.21 0.09
Usp(X4) 1.05 34.50 9.41 18.99 1.67 1.46 2.68 2.10 3.81 1.26 4.55 2.28 3.15
Mag(X5) 82.35 65.06 89.60 79.50 97.73 94.18 96.77 97.27 95.22 98.02 95.15 96.18 96.26
Notes:bd = below detection limite.
Mole fraction calculation of spinel oxide based on Ghiarso and Sack (1991)  
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12.5.4 Sulphide minerals 
 
Table 12.22 EMP analysis of pyrite in phyllic alteration zone from the Seridune prospect. 
 
 Analysis 121-22 121-32 121-33 121-41 121-42 121-43 121-51 121-52 121-61 121-71 121-82 121-92 121-81 121-83 121-1 121-2 121-7
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser
Wt.%
   Fe    45.57 45.98 46.09 46.14 45.94 46.08 46.14 46.06 45.76 46.06 46.05 46.19 45.96 45.92 45.90 46.41 45.79
   Cu    0.49 0.10 0.26 0.08 0.06 0.08 0.11 0.29 0.57 0.14 0.66 0.14 0.14 0.49 0.36 0.07 0.42
   Au    bd bd bd bd bd bd bd bd 0.08 bd bd 0.05 bd bd bd bd bd
As bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
   S     53.23 53.10 53.55 53.35 53.58 53.77 53.40 53.35 53.45 53.12 53.71 53.99 53.27 53.76 53.29 53.63 53.36
   Ag    bd bd bd bd bd 0.05 bd bd bd bd bd bd bd bd bd 0.03 0.02
   Co    0.08 0.09 0.08 0.06 0.09 0.10 0.08 0.08 0.09 0.08 0.08 0.05 0.09 0.07 bd bd bd
   Ni    0.02 bd bd bd 0.01 bd bd bd bd 0.03 bd 0.01 0.06 bd bd bd bd
  Total  99.41 99.31 99.98 99.63 99.69 100.08 99.73 99.79 99.93 99.43 100.51 100.44 99.53 100.24 99.55 100.13 99.59
Elements (At.%)
   Fe    32.95 33.21 33.07 33.18 32.98 32.97 33.16 33.14 32.95 33.24 32.99 32.94 33.13 32.91 33.09 33.19 33.01
   Cu    0.31 0.06 0.17 0.05 0.04 0.05 0.07 0.18 0.36 0.09 0.42 0.09 0.09 0.31 0.23 0.04 0.26
   Au    0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   S     67.05 66.79 66.93 66.82 67.02 67.03 66.84 66.86 67.05 66.76 67.01 67.06 66.87 67.09 66.91 66.81 66.99
   Ag    0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Co    0.05 0.06 0.05 0.04 0.06 0.07 0.05 0.06 0.06 0.05 0.06 0.03 0.06 0.05 0.00 0.00 0.00
   Ni    0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.04 0.00 0.00 0.00 0.00
  Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Atomic ratios
Fe 32.95 33.21 33.07 33.18 32.98 32.97 33.16 33.14 32.95 33.24 32.99 32.94 33.13 32.91 33.09 33.19 33.01
S 67.05 66.79 66.93 66.82 67.02 67.03 66.84 66.86 67.05 66.76 67.01 67.06 66.87 67.09 66.91 66.81 66.99
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Notes: bd = below detection limit
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12.22 (continued). 
 
 Analysis 121-11 121-12 121-13 121-20 121-22 121-51 121-31 121-41
Rock type Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser
Wt.%
   Fe    46.00 45.95 46.11 46.32 46.55 46.36 46.60 46.28
   Cu    0.50 0.48 0.48 0.18 0.38 0.67 0.12 0.75
   Au    bd bd bd bd bd bd bd bd
As bd bd bd bd bd bd bd bd
   S     52.74 53.23 53.31 53.92 53.87 53.47 53.13 53.60
   Ag    0.02 bd 0.03 0.05 bd bd 0.06 0.03
   Co    bd bd bd bd bd bd 0.07 0.04
   Ni    bd 0.01 bd 0.20 bd 0.01 bd bd
  Total  99.26 99.67 99.93 100.66 100.80 100.52 99.98 100.69
Elements (At.%)
   Fe    33.37 33.14 33.18 33.03 33.16 33.23 33.49 33.14
   Cu    0.32 0.30 0.30 0.11 0.24 0.42 0.07 0.47
   Au    0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
   S     66.63 66.86 66.82 66.97 66.84 66.77 66.51 66.86
   Ag    0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00
   Co    0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.02
   Ni    0.00 0.00 0.00 0.14 0.00 0.01 0.00 0.00
  Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Atomic ratios
Fe 33.37 33.14 33.18 33.03 33.16 33.23 33.49 33.14
S 66.63 66.86 66.82 66.97 66.84 66.77 66.51 66.86
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Notes: bd = below detection limit
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Table 12.23 EMP analysis of chalcopyrite in phyllic alteration zone from the Seridune prospect. 
 
 
Analysis 121-11 121-12 121-13 121-21 121-x11 121-r11 121-ch22 121-ch81 121-ch82 121-ch83 121-ser6 121ser8 121-ser10 121-ser21 121-22 121-23 121-31
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser Qtz-ser
Wt.%
   Fe    29.77 29.73 29.65 29.07 29.86 28.75 29.89 30.08 30.31 30.06 29.18 29.74 30.01 26.54 30.32 28.37 29.73
   Cu    35.02 34.84 34.98 35.23 35.15 36.14 34.81 34.64 34.79 34.94 34.88 34.61 34.37 38.93 34.22 36.26 35.08
   Au    bd bd bd bd bd bd bd bd bd 0.09 bd bd bd bd bd bd bd
   Ag    bd bd bd bd bd bd bd bd bd bd 0.02 bd 0.04 0.05 bd bd bd
   S     34.86 35.00 34.99 34.36 34.87 34.18 34.39 34.76 34.75 35.29 34.89 34.95 35.06 33.95 35.40 34.93 35.44
  Total  99.74 99.63 99.69 98.76 99.96 99.12 99.21 99.58 99.92 100.46 99.02 99.30 99.48 99.50 99.94 99.57 100.25
Elements (At.%)
   Fe    24.55 24.51 24.43 24.25 24.58 23.95 24.83 24.85 24.96 24.59 24.19 24.57 24.74 22.14 24.84 23.43 24.31
   Cu    25.38 25.24 25.34 25.83 25.43 26.46 25.41 25.15 25.18 25.12 25.42 25.13 24.90 28.54 24.64 26.32 25.21
   Au    0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Ag    0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.00
   S     50.07 50.25 50.23 49.92 50.00 49.59 49.76 50.01 49.85 50.29 50.39 50.30 50.35 49.33 50.52 50.25 50.48
  Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Atomic ratios
Cu 25.38 25.24 25.34 25.83 25.43 26.46 25.41 25.15 25.18 25.12 25.42 25.13 24.90 28.54 24.64 26.32 25.21
Fe 24.55 24.51 24.43 24.25 24.58 23.95 24.83 24.85 24.96 24.59 24.19 24.57 24.74 22.14 24.84 23.43 24.31
S 50.07 50.25 50.23 49.92 50.00 49.59 49.76 50.01 49.85 50.29 50.39 50.30 50.35 49.33 50.52 50.25 50.48
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Notes: bd = below detection limit
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12.5.5 Silicate minerals from the Sarcheshmeh copper deposit 
 
Table 12.24 EMP analysis of biotite in granodiorite from the Sarcheshmeh copper deposit. 
 
 Analysis SA4-0 SA4-1 SA4-3 SA4-4 SA4-7 SA4-8 SA4-9
Rock type Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA
SiO2 37.82 38.20 38.93 37.04 38.11 37.50 37.40
TiO2 3.65 4.03 4.03 4.10 3.41 3.71 3.57
Al2O3 14.69 14.67 14.29 15.67 15.06 15.33 14.87
FeO 16.51 15.49 16.06 15.96 14.25 14.78 16.06
MnO 0.26 0.25 0.19 0.24 0.16 0.22 0.24
MgO 14.30 14.52 14.62 14.59 15.88 15.40 14.38
CaO bd 0.04 0.02 0.08 bd 0.07 bd
Na2O 0.42 0.58 0.46 0.47 0.57 0.58 0.46
K2O 8.73 8.53 8.40 8.50 8.78 8.43 8.98
F 0.37 0.88 0.25 0.27 0.16 0.24 0.30
H2Ocalc 1.76 1.50 1.74 1.79 1.88 1.83 1.78
Total 98.50 98.67 98.99 98.72 98.25 98.09 98.05
Structural formular based on 24 (O,OH, F, Cl)
Si 5.86 5.81 5.79 5.78 5.85 5.78 5.82
AlIV 2.14 2.19 2.21 2.22 2.15 2.22 2.18
AlVI 0.54 0.51 0.51 0.47 0.57 0.56 0.55
Ti 0.43 0.47 0.49 0.48 0.39 0.43 0.42
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 2.14 2.02 2.03 2.08 1.83 1.91 2.09
Mn 0.03 0.03 0.03 0.03 0.02 0.03 0.03
Mg 3.30 3.38 3.37 3.39 3.63 3.54 3.34
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Na 0.13 0.18 0.15 0.14 0.17 0.17 0.14
K 1.73 1.70 1.73 1.69 1.72 1.66 1.78
Cations 16.30 16.30 16.30 16.31 16.34 16.31 16.35
F 0.36 0.87 0.26 0.27 0.16 0.23 0.30
OHcalc 1.82 1.56 1.87 1.87 1.92 1.88 1.85
XFe 0.39 0.37 0.38 0.38 0.33 0.35 0.39
XMg 0.61 0.63 0.62 0.62 0.67 0.65 0.61
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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Table 12.25 EMP analysis of plagioclase in granodiorite from the Sarcheshmeh copper deposit. 
 
 
Analysis SA4-1 SA4-10 SA4-11 SA4-12 SA4-13 SA4-14 SA4-2 SA4-3 SA4-4 SA4-5 SA4-6 SA4-7 SA4-8 SA4-9 SA6-1 SA6-2 SA6-3
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 61.90 58.58 61.83 62.75 61.43 62.03 62.47 62.29 62.45 60.61 61.51 59.22 61.88 62.77 61.07 61.00 60.76
TiO2 bd 0.03 bd bd bd bd 0.02 bd bd 0.02 bd bd bd 0.03 bd bd bd
Al2O3 23.87 25.44 23.20 22.76 23.87 23.63 23.74 23.56 23.55 24.33 24.24 25.74 24.26 22.89 24.49 24.37 24.36
FeO 0.22 0.18 0.16 0.18 0.11 0.13 0.16 0.14 0.13 0.19 0.16 0.15 0.08 0.13 0.21 0.18 0.16
MnO 0.02 bd bd bd bd bd bd bd bd bd bd bd bd 0.02 bd bd bd
CaO 5.18 7.56 5.17 4.66 5.43 5.02 4.84 4.78 4.60 6.27 5.65 7.41 5.39 4.67 5.85 5.89 5.86
Na2O 7.64 6.62 7.73 8.06 7.78 7.70 8.03 7.82 7.72 7.40 7.51 6.80 7.66 8.19 7.25 7.19 7.30
K2O 0.63 0.36 0.64 0.81 0.65 0.67 0.75 0.79 0.75 0.52 0.65 0.42 0.49 0.73 0.77 0.81 0.75
BaO 0.04 bd 0.08 0.03 bd 0.04 0.07 0.03 0.04 bd 0.04 0.11 0.01 0.08 0.06 bd 0.06
Total 99.50 98.76 98.81 99.25 99.27 99.22 100.08 99.40 99.25 99.33 99.75 99.85 99.78 99.52 99.70 99.43 99.24
Structural formular based on 32 Oxygene
Si 11.03 10.59 11.10 11.20 10.99 11.07 11.07 11.10 11.13 10.86 10.95 10.59 10.98 11.18 10.89 10.90 10.89
Al 5.01 5.41 4.90 4.79 5.03 4.97 4.96 4.94 4.94 5.13 5.08 5.42 5.07 4.80 5.14 5.13 5.14
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.03 0.03 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.99 1.46 0.99 0.89 1.04 0.96 0.92 0.91 0.88 1.20 1.08 1.42 1.03 0.89 1.12 1.13 1.13
Na 2.64 2.32 2.69 2.79 2.70 2.67 2.76 2.70 2.67 2.57 2.59 2.36 2.64 2.83 2.51 2.49 2.54
K 0.14 0.08 0.15 0.18 0.15 0.15 0.17 0.18 0.17 0.12 0.15 0.10 0.11 0.17 0.18 0.18 0.17
Ba 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Cations 19.85 19.90 19.87 19.89 19.92 19.85 19.91 19.86 19.82 19.91 19.88 19.92 19.85 19.91 19.87 19.86 19.89
Ab 70.00 60.00 70.20 72.20 69.40 70.60 71.70 71.20 71.80 66.00 67.90 60.90 69.90 72.80 66.00 65.50 66.20
An 26.20 37.90 25.90 23.10 26.80 25.40 23.90 24.00 23.60 30.90 28.20 36.70 27.20 22.90 29.40 29.70 29.40
Or 3.80 2.10 3.80 4.80 3.80 4.00 4.40 4.70 4.60 3.10 3.90 2.50 3.00 4.20 4.60 4.80 4.50
Note: bd = below detection limit, FeO = total iron content
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12.25 (continued). 
 
 Analysis SA6-4 SA6-5 SA6-6 SA6-7 SA6-8 SA6-9
Rock type Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA
SiO2 61.34 60.36 61.68 60.88 60.04 60.10
TiO2 bd bd bd bd bd 0.02
Al2O3 24.05 24.70 23.58 23.77 24.86 25.04
FeO 0.16 0.18 0.23 0.17 0.17 0.24
MnO bd bd bd bd bd 0.03
CaO 5.64 6.28 5.61 6.18 6.80 6.79
Na2O 7.52 7.04 7.52 7.31 6.93 6.90
K2O 0.80 0.69 0.80 0.72 0.62 0.62
BaO bd 0.05 bd 0.03 0.03 0.05
0.00 99.51 99.29 99.42 99.06 99.46 99.79
Structural formular based on 32 Oxygene
Si 10.95 10.82 11.02 10.94 10.76 10.74
Al 5.06 5.21 4.96 5.03 5.25 5.27
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Fe+2 0.02 0.03 0.04 0.03 0.03 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.08 1.21 1.07 1.19 1.31 1.30
Na 2.60 2.45 2.61 2.55 2.41 2.39
K 0.18 0.16 0.18 0.17 0.14 0.14
Ba 0.00 0.00 0.00 0.00 0.00 0.00
Cations 19.90 19.87 19.88 19.90 19.89 19.89
Ab 67.40 64.20 67.50 65.30 62.50 62.40
An 27.90 31.70 27.80 30.50 33.90 33.90
Or 4.70 4.10 4.70 4.20 3.70 3.70
Note: bd = below detection limit, FeO = total iron content
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Table 12.26 EMP analysis of chlorite in granodiorite from the Sarcheshmeh copper deposit. 
 
 
Analysis SA12a-10 SA12a-11 SA12a-12 SA12a-13 SA12a-14 SA12a-15 SA12a-8 SA12a-9 SA12b-1 SA12b-2 SA12b-3 SA12b-4 SA12b-5 SA12b-6 SA12b-7 SA6-1
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 28.84 28.77 29.01 26.41 28.24 28.24 28.21 26.62 28.31 28.67 28.69 28.46 27.80 28.62 28.39 29.72
TiO2 0.05 bd bd bd bd bd bd bd 0.06 bd 0.03 bd 0.09 bd 0.11 0.03
Al2O3 18.86 19.20 18.26 20.97 19.35 19.50 19.09 20.78 18.82 18.86 18.81 19.25 19.62 19.03 19.05 20.87
FeO 21.37 20.03 21.20 25.91 23.52 23.71 24.39 25.39 20.71 19.54 19.89 21.01 20.27 18.73 19.99 18.75
MnO 0.24 0.21 0.21 0.22 0.25 0.32 0.22 0.26 0.56 0.69 0.57 0.53 0.59 0.63 0.65 0.26
MgO 19.10 19.74 19.33 14.75 16.53 16.56 16.44 15.12 19.31 20.19 19.23 18.24 19.81 20.80 19.67 18.20
CaO 0.06 0.09 0.05 0.04 0.11 0.08 0.04 0.00 0.02 0.01 0.05 0.08 0.02 0.04 0.06 0.08
Na2O bd bd bd 0.02 0.02 bd 0.01 0.02 0.05 bd bd 0.01 0.01 0.01 bd 0.01
K2O bd bd bd bd bd bd bd bd bd bd 0.03 bd bd bd bd 0.03
Cl 0.01 bd bd 0.01 0.01 0.02 0.03 0.01 bd 0.01 bd bd bd 0.03 bd 0.01
H2Ocalc 11.80 11.82 11.74 11.46 11.60 11.63 11.59 11.48 11.71 11.80 11.70 11.67 11.77 11.83 11.76 11.95
Total 100.33 99.86 99.80 99.79 99.63 100.06 100.02 99.68 99.55 99.77 99.00 99.25 99.98 99.72 99.68 99.91
Structural formula based on 36 Oxygene, 16 (OH, C)
Si 5.86 5.84 5.93 5.53 5.84 5.82 5.84 5.56 5.80 5.83 5.88 5.85 5.66 5.80 5.79 5.96
AlIV 2.14 2.16 2.08 2.47 2.16 2.18 2.16 2.44 2.20 2.17 2.12 2.15 2.34 2.20 2.21 2.04
AlVI 2.38 2.43 2.32 2.69 2.55 2.55 2.49 2.68 2.34 2.35 2.43 2.51 2.37 2.34 2.37 2.90
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.01
Fe2+ 3.63 3.40 3.62 4.53 4.07 4.09 4.22 4.44 3.55 3.32 3.41 3.61 3.45 3.17 3.41 3.15
Mn 0.04 0.04 0.04 0.04 0.04 0.06 0.04 0.05 0.10 0.12 0.10 0.09 0.10 0.11 0.11 0.04
Mg 5.79 5.97 5.89 4.60 5.10 5.09 5.07 4.71 5.90 6.12 5.88 5.59 6.02 6.28 5.98 5.44
Ca 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.01 0.02
Na 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Cations 19.87 19.86 19.87 19.89 19.80 19.80 19.83 19.88 19.92 19.91 19.84 19.82 19.96 19.92 19.90 19.57
Cl 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.01
OH 16.00 16.00 16.00 16.00 16.00 15.99 15.99 16.00 16.00 16.00 16.00 16.00 16.00 15.99 16.00 16.00
XFe 0.39 0.36 0.38 0.50 0.44 0.45 0.45 0.49 0.38 0.35 0.37 0.39 0.36 0.34 0.36 0.37
XMg 0.61 0.64 0.62 0.50 0.56 0.55 0.55 0.51 0.62 0.65 0.63 0.61 0.64 0.66 0.64 0.63
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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12.26 (continued). 
 
Analysis SA6-11 S6-12 S6-13 S6-14 S6-15 S6-2 S6-3 S6-4 S6-5 S6-6 S6-7 S6-9
Rock type Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd Grd
Alteration LA LA LA LA LA LA LA LA LA LA LA LA
SiO2 28.24 28.39 30.48 28.87 29.45 27.44 28.22 27.97 28.43 28.57 28.84 28.66
TiO2 bd 0.03 0.07 bd 0.01 0.09 bd bd bd 0.08 0.03 bd
Al2O3 20.03 20.90 22.69 20.24 20.26 20.54 19.94 20.56 20.99 21.14 20.38 20.47
FeO 18.67 18.70 16.36 18.71 18.66 17.71 18.34 18.17 17.92 19.31 17.94 17.79
MnO 0.29 0.27 0.27 0.32 0.31 0.33 0.31 0.27 0.29 0.27 0.28 0.29
MgO 19.75 19.37 16.25 19.66 19.94 20.57 20.52 20.40 20.31 19.27 19.97 20.53
CaO 0.02 0.03 0.03 0.05 0.05 0.04 0.06 0.00 0.03 0.06 0.04 0.04
Na2O 0.04 bd 0.02 0.01 0.01 0.02 0.02 bd 0.01 0.01 0.20 0.06
K2O bd bd 0.01 0.08 0.02 0.02 0.02 0.02 0.04 0.01 0.12 0.05
Cl bd 0.02 0.04 0.01 bd 0.01 0.01 bd 0.03 0.01 0.01 0.01
H2Ocalc 11.76 11.86 11.93 11.89 12.03 11.75 11.82 11.84 11.95 11.98 11.91 11.94
Total 98.80 99.57 98.15 99.84 100.74 98.52 99.26 99.23 100.00 100.71 99.72 99.84
Structural formula based on 36 Oxygene, 16 (OH, C)
Si 5.76 5.74 6.12 5.82 5.87 5.60 5.73 5.67 5.70 5.72 5.81 5.76
AlIV 2.24 2.26 1.88 2.18 2.13 2.40 2.28 2.33 2.30 2.28 2.19 2.24
AlVI 2.57 2.71 3.49 2.63 2.63 2.54 2.49 2.58 2.66 2.71 2.64 2.60
Ti 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Fe+2 3.18 3.16 2.75 3.16 3.11 3.02 3.11 3.08 3.01 3.23 3.02 2.99
Mn 0.05 0.05 0.05 0.06 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.05
Mg 6.01 5.84 4.87 5.91 5.93 6.26 6.21 6.16 6.07 5.75 5.99 6.15
Ca 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Na 0.02 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.08 0.02
K 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.03 0.01
Cations 19.83 19.76 19.18 19.78 19.75 19.92 19.89 19.87 19.82 19.77 19.82 19.83
Cl 0.00 0.01 0.03 0.01 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.01
OH 16.00 15.99 15.99 16.00 16.00 16.00 16.00 16.00 15.99 16.00 16.00 16.00
XFe 0.35 0.35 0.36 0.35 0.34 0.33 0.33 0.33 0.33 0.36 0.34 0.33
XMg 0.65 0.65 0.64 0.65 0.66 0.67 0.67 0.67 0.67 0.64 0.66 0.67
Note: bd = below detection limit, FeO = total iron content, X Mg = Mg/(Mg + Fe2+), X Fe = Fe/(Fe2+ + Mg)
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12.6 X-Ray Diffraction (XRD)  
 
Mineral species are analyzed using a Siemens D-500 X-Ray diffractometer at RWTH Aachen 
University. An approximate sample size of 1 cm3 (powder, 10 µm) is required, although smaller 
quantities can also be analysed successfully. The sample is excited by a collimated beam of x-
rays, between 2θ angles of 2 and 72, with voltage and current settings of 45 kV and 35mA, 
respectively. These X-rays are then diffracted by the crystalline phases, according to Bragg’s 
Law (λ = 2d sinθ; where d is the spacing between atomic planes in the crystalline phase). The 
intensity of the diffracted X-rays is measured as a function of the diffraction angle (2θ), 
specimen orientation and mineral chemistry. These diffraction patterns are used to identify the 
mineral species and other structural properties. 
 
12.7 Rock geochemistry 
A number of equations have been used in reference to geochemistry, but are not cited in the text. 
Those include: 
1). Europium anomaly (Eu/Eu*): 
Eu/Eu* = (EuN)/([SmN .GdN]0.5), where N = normalized. 
2). Density or Specific Gravity (SG): 
SG = (weight in air)/(weight in air – weight in water). 
All rock types from the Seridune propsect were analyzed using X-Ray Fluorescence (XRF) for 
major oxides and trace elements at RWTH Aachen University. From those samples, 22 samples 
were selected to be sent to ALS Laboratories Ltd., Canada for both trace and Rare Earth 
Elements (REE) by Inductively Coupled Plasma Mass Spectrometer (ICP-MS). The detection 
limits of those analytical methods are displayed in Table 12.28.  
 
12.7.1 X-Ray Fluorescence spectrometer (XRF) 
The selected rock samples were manually crushed to grain sizes < 5 mm in a jaw crusher. The 
rock chips were ground in an agate mill and dried at 110oC for 24 hours. The Loss of Ignition 
(LOI) was determined on ca. 2 g of rock powder in an alumina crucible at 1000oC for 2 hours in 
a muffle furnace; the LOI is calculated as a function of the samples weight loss. For the major 
element analysis purpose, 0.5 g of the sample powder are mixed with 5 g of a Li-tetraborate 
(Merck Spectromelt TM A12), homogenized in a platinum crucible at 1150°C forming a fused 
glass disc. For the trace element analysis, 8 g dried sample powder were mixed with Merck 
Elvasit TM forming a pressed powder disc. The concentrations of major and trace elements were 
analyzed using a Philips PW-1400 wavelength dispersive X-Ray Fluorescence (XRF) with a 
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side-window Rh source tube. The machine is operated at 40 kV and 75 mA for determining the 
concentration of the major elements, and at 40-60 kV and 50-75 mA for the trace elements. The 
X-rays excite the disc, producing secondary X-rays, which have certain wavelengths, 
characterizing the elements present in the samples, and their intensities are proportional to the 
element concentrations. 
 
12.7.2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS, ICP-AES) 
The trace and REE concentrations were analyzed using Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS). A minimum crushed sample weight of 5 g is required for this analytical 
method. The sample is dissolved into solution by acid digestion and passed into an argon flame 
with a temperature between 6,000 and 10,000 K. The gas and other components are atomized 
and ionized, forming plasma as well as atomic and ionic spectral lines. The ICP-MS detects the 
spectral lines using a range of photomultipliers, they are then compared with calibration lines 
and their intensities are converted into concentrations. Several samples were analyzed for gold 
by the ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry), with detection 
limit ranges from 0.001 to 1 ppm. 
 
Table 12. 27 The detection limits for XRF and ICP-MS. 
 
ICP-MS ICP-MS
Oxides/elements Lower limit Upper limit LL Oxides/elements Lower limit Upper limit LL
SiO2 0.1 80 Au 2
TiO2 0.1 4 Ir 5
Al2O3 0.1 90 Rb 20 4000 2
Fe2O3 0.2 55 Cs 0.5
MnO 0.1 4 Ba 20 4000 3
MgO 0.1 62 Sr 20 1400 2
CaO 0.1 80 Ga 20 100 1
Na2O 0.1 15 Ge
K2O 0.1 16 Hf 0.2
P2O5 0.1 33 Zr 20 900 5
SO3 0.1 2 Nb 20 200 1
S Y 20 800 1
C Th
Cr 20 400 20 U 0.1
Ni 20 2400 20 La 20 200 0.1
Co 10 200 1 Ce
Sc Pr 0.05
V 20 300 5 Nd
Cu 10 6500 10 Sm 0.1
Pb 20 750 5 Eu 0
Zn 20 500 30 Gd 0.05
Bi 10 1000 0.4 Tb 0.01
Sn 20 200 1 Dy 0
In 0.2 Ho 0.05
Tl 0.1 Er 0.05
W 20 500 1 Tm 0
Mo 20 400 2 Yb 0
As 20 4000 5 Lu 0
Se 50 1000 Ta 30 300 0.1
Sb 20 150 0.5 Br
Ag 0.5
Notes: Major oxides in wt.%, Au and Ir in ppb, trace and rare earth elements are in ppm.
XRF  
1
0.1
0.1
0.1
.05
.05
.05
.05
.01
XRF
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Table 12.28 Geochemical data of major oxides and trace elements of various rock types in different hydrothermal alteration zones from the Seridune prospect. 
 
 
Sample no. Rock type Alteration SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total density FeO
1 S
SH8 Grd Chl-ep 61.19 0.45 16.65 3.38 bd 1.05 3.74 4.55 3.62 0.17 2.96 98.74 na 3.04 0.37
SH22 Grd Chl-ep 64.89 0.52 17.57 3.77 bd 1.30 0.88 4.04 2.69 0.31 3.17 99.60 na 3.39 0.18
SH24 Grd Chl-ep 62.12 0.43 16.76 3.51 bd 1.19 3.67 4.26 2.55 0.19 4.40 100.02 na 3.16 0.36
SH82 Grd Chl-ep 62.20 0.49 16.78 3.66 bd 1.15 4.68 4.96 2.06 0.21 2.73 99.10 2.61 3.29 0.04
SH101 Grd Chl-ep 64.13 0.49 17.56 3.35 bd 1.03 3.58 4.97 2.63 0.15 1.40 99.38 2.54 3.02 0.04
SH117 Grd Chl-ep 63.84 0.46 17.85 3.42 bd 1.21 3.83 5.14 2.31 0.22 1.26 99.97 na 3.08 0.16
SH137 Grd Chl-ep 63.31 0.48 16.96 3.68 bd 1.19 4.05 4.32 2.55 0.18 2.52 99.39 2.42 3.32 0.04
SH145 Grd Chl-ep 57.04 0.66 19.61 5.71 0.10 2.02 3.65 5.17 2.47 0.27 2.54 99.36 2.63 5.14 0.05
SH155 Grd Chl-ep 63.68 0.46 19.18 3.59 bd 1.11 3.77 5.00 2.30 0.14 1.54 100.97 2.60 3.23 0.06
SH157 Grd Chl-ep 61.86 0.46 17.41 3.55 bd 1.15 4.49 5.19 2.04 0.20 1.80 98.80 na 3.19 0.24
SH77 Grd Chl-ep 66.39 0.47 14.78 3.50 bd 1.95 3.37 5.06 2.47 0.29 1.38 99.99 2.54 3.15 0.11
SH106 Grd Chl-ep 65.38 0.45 17.09 2.99 0.11 0.61 3.40 3.85 2.76 0.22 2.54 99.46 2.36 2.69 0.04
SH114 Grd Chl-ep 66.01 0.49 15.21 3.59 bd 1.67 3.99 4.89 2.45 0.26 1.13 99.99 2.56 3.23 0.10
SH129 Grd Chl-ep 62.43 0.39 19.69 3.29 0.11 1.24 1.54 4.54 2.83 0.15 2.46 98.80 2.56 2.96 0.06
SH130 Grd Chl-ep 63.56 0.41 18.57 3.34 bd 1.04 2.13 4.60 3.20 0.16 1.81 98.97 2.58 3.00 0.05
SH143 Grd Chl-ep 67.64 0.38 15.60 2.77 0.15 0.83 1.58 3.20 2.99 0.18 3.07 98.67 2.71 2.49 0.11
SH148 Grd Chl-ep 64.95 0.38 16.20 2.88 bd 0.81 3.49 4.15 3.21 0.15 2.70 99.15 2.65 2.59 0.07
SH149 Grd Chl-ep 67.13 0.40 17.54 2.98 bd 0.88 1.86 4.26 2.57 0.14 1.64 99.63 2.54 2.68 0.07
SH154 Grd Chl-ep 67.86 0.40 16.54 3.08 0.19 1.00 1.10 2.74 3.35 0.16 2.66 99.12 2.56 2.77 bd
SH167 Grd Chl-ep 62.48 0.50 18.86 3.44 bd 1.34 0.54 5.19 3.62 0.21 2.58 99.23 na 3.09 0.17
SH171 Grd Chl-ep 62.92 0.47 18.09 4.13 bd 1.23 2.44 5.04 2.45 0.31 2.25 99.85 na 3.72 0.19
SH4 Grd Qtz-ser 73.12 0.39 16.02 2.88 bd 0.90 0.13 bd 5.16 bd 1.60 100.48 2.53 2.59 0.08
SH5 Grd Qtz-ser 68.88 0.59 17.26 1.16 bd 0.75 0.28 2.20 3.78 0.11 3.34 98.83 na 1.04 0.18
SH28 Grd Qtz-ser 66.72 0.71 17.43 3.59 bd 1.27 0.24 0.14 5.12 bd 3.08 98.81 na 3.23 0.18
SH32 Grd Qtz-ser 76.54 0.51 14.32 0.71 bd bd 0.14 0.17 4.47 bd 2.72 99.70 2.35 0.64 bd
SH34 Grd Qtz-ser 71.79 0.40 15.69 1.47 bd 0.62 0.15 bd 5.26 bd 3.42 99.11 2.41 1.32 0.15
SH38 Grd Qtz-ser 69.72 0.38 17.58 1.59 bd 0.45 0.30 3.62 3.73 0.12 2.37 100.31 na 1.43 0.18
SH52 Grd Qtz-ser 63.71 0.34 13.89 2.07 bd 0.25 0.20 0.33 3.93 0.19 7.10 92.12 2.61 1.87 0.05
SH55 Grd Qtz-ser 71.03 0.47 14.59 3.51 bd bd 1.34 0.43 4.63 bd 3.31 99.37 2.70 3.16 bd
SH56a Grd Qtz-ser 75.56 0.44 14.67 1.13 bd bd 0.23 0.25 4.41 0.24 3.24 100.20 2.42 1.01 bd
SH56b Grd Qtz-ser 70.07 0.40 16.85 2.80 bd 0.34 0.12 bd 4.82 0.18 3.75 99.59 2.41 2.52 0.08
SH94 Grd Qtz-ser 73.38 0.39 13.05 1.11 bd bd 0.25 0.46 2.97 0.16 4.66 96.43 2.57 1.00 bd
SH97 Grd Qtz-ser 69.95 0.50 16.79 4.21 bd 0.26 0.31 0.26 3.99 bd 3.20 99.56 2.47 3.79 bd
SH104 Grd Qtz-ser 73.28 0.46 16.30 2.25 bd 0.64 0.26 bd 4.22 0.26 3.04 100.98 2.37 2.02 0.10
SH120 Grd Qtz-ser 72.21 0.38 18.51 1.00 bd 0.52 0.27 bd 3.90 bd 2.15 99.32 2.49 0.90 0.12
Notes: bd = below detection limit; na = not analysed; FeO1 = 0.899(Fe2O3); major oxides, LOI, S and C are in wt.%, all trace elements are in ppm, and density is in g/cm3.
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Table 12.28 (continued). 
 
 
 Sample no. Rock type Alteration SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total density FeO1 S
SH123 Grd Qtz-ser 74.51 0.46 16.96 0.88 bd bd 0.21 0.26 4.00 0.20 2.90 100.42 2.41 0.79 bd
SH124 Grd Qtz-ser 71.31 0.72 18.36 0.38 bd bd 0.42 0.16 4.83 0.39 3.52 100.11 2.35 0.34 bd
SH23 Grd Qtz-clay 66.06 0.59 18.44 3.72 bd 0.43 0.43 3.95 3.03 0.34 3.10 100.49 na 3.35 0.16
SH31 Grd Qtz-clay 68.93 0.51 17.17 2.96 bd 0.39 0.22 0.22 5.33 0.17 3.73 99.67 2.35 2.66 0.04
SH58 Grd Qtz-clay 63.93 0.54 17.32 8.36 bd bd 0.31 0.93 3.29 0.18 4.77 99.65 2.45 7.52 0.03
SH75 Grd Qtz-clay 69.39 0.38 16.99 2.97 bd 0.49 0.36 3.69 2.90 0.13 2.32 100.11 na 2.68 0.17
SH86L Grd Qtz-clay 70.86 0.48 15.09 1.12 bd 0.34 0.55 3.26 3.57 bd 3.11 98.49 2.36 1.01 bd
SH86N Grd Qtz-clay 71.08 0.48 15.19 1.13 bd bd 0.56 3.77 3.55 bd 2.95 98.83 na 1.02 bd
SH131 Grd Qtz-clay 68.58 0.42 17.59 0.62 bd bd 0.45 4.14 4.65 bd 2.24 98.75 2.41 0.56 bd
SH133 Grd Qtz-clay 67.10 0.42 16.87 2.52 0.11 0.87 1.30 4.28 4.04 0.17 1.89 99.61 2.50 2.27 0.04
SH153 Grd Qtz-clay 65.53 0.42 16.81 2.56 bd 0.90 2.08 4.32 3.15 0.18 2.75 98.96 2.47 2.30 0.08
SH179 Grd Qtz-clay 63.18 0.45 16.01 1.54 bd 1.42 0.79 0.57 1.11 0.23 11.40 99.29 na 1.39 1.03
SH45 Grd Qtz-Aln-Prl 73.04 0.65 18.07 0.24 bd bd 0.85 bd 0.12 0.24 4.82 98.53 2.49 0.21 0.20
SH57 Grd Qtz-Aln-Prl 76.18 0.56 17.53 bd bd bd 0.16 0.18 bd 0.24 3.94 98.90 2.57 bd bd
SH61 Grd Qtz-Aln-Prl 74.27 0.58 18.90 0.13 bd bd 0.17 0.16 bd 0.26 4.29 98.79 2.37 0.12 bd
SH65a Grd Qtz-Aln-Prl 57.04 0.52 18.00 0.74 bd bd 0.51 1.22 2.45 0.27 17.10 100.62 2.52 0.67 1.10
SH68 Grd Qtz-Aln-Prl 66.91 0.54 16.91 0.57 bd bd 0.34 0.61 1.22 0.22 11.90 99.99 2.62 0.52 0.31
SH90 Grd Qtz-Aln-Prl 74.86 0.62 18.13 0.47 bd bd 0.27 bd bd 0.29 4.06 98.88 2.43 0.42 0.06
SH105 Grd Qtz-Aln-Prl 75.80 0.51 17.40 bd bd bd 0.16 0.20 bd 0.37 4.08 98.71 2.35 bd bd
SH118 Grd Qtz-Aln-Prl 72.85 0.47 20.77 0.29 bd 0.13 0.10 bd 2.58 bd 2.61 100.02 2.50 0.26 0.05
SH119 Grd Qtz-Aln-Prl 76.04 0.45 17.78 bd bd bd 0.14 0.17 bd 0.19 3.63 98.53 2.43 bd bd
SH127 Grd Qtz-Aln-Prl 74.53 0.59 16.61 0.77 bd bd 0.12 0.32 2.75 0.20 2.99 98.89 2.55 0.70 bd
SH128 Grd Qtz-Aln-Prl 72.34 0.48 16.70 2.68 bd bd 0.17 bd 2.29 0.26 3.43 98.96 na 2.41 0.19
SH125 Grd Qtz±prl 83.80 bd 4.67 5.99 bd bd 0.10 bd bd bd 3.93 98.88 2.67 5.39 2.96
SH139 Grd Qtz±prl 90.46 0.28 5.27 1.09 bd bd 0.33 bd 0.34 0.21 2.07 100.18 2.46 0.98 bd
SH160 Grd Qtz±prl 91.67 0.12 2.07 3.09 bd bd 0.10 0.15 bd 0.18 2.68 100.07 2.51 2.78 bd
SH176 Grd Qtz±prl 88.69 0.27 6.33 0.24 bd bd 0.21 0.11 bd 0.39 1.96 98.81 na 0.21 0.22
SH190 Grd Qtz±prl 88.86 0.15 2.99 2.42 bd 0.63 0.27 0.11 0.11 0.26 2.89 99.09 na 2.18 0.47
SH191 Grd Qtz±prl 90.27 bd 2.53 2.82 bd 0.59 0.23 bd bd 0.18 1.92 99.07 na 2.53 0.14
SH195a Grd Qtz±prl 93.73 bd 2.35 0.50 bd 0.56 0.19 bd bd 0.23 1.35 99.36 na 0.45 0.14
SH195b Grd Qtz±prl 90.74 bd 4.08 0.63 bd 0.57 0.10 bd bd 0.24 1.89 98.73 na 0.56 0.14
SH78 Grd Least altered 61.49 0.45 16.55 3.68 bd 1.36 4.19 4.65 2.63 0.22 3.10 99.00 na 3.31 0.25
SH99 Grd Least altered 63.06 0.49 17.64 3.75 bd 1.24 3.39 5.10 2.36 0.27 1.17 98.60 2.59 3.37 bd
SH115 Grd Least altered 61.51 0.46 16.83 3.69 bd 1.31 4.45 4.75 2.15 0.24 2.33 98.46 na 3.32 0.27
SH136 Grd Least altered 61.20 0.43 16.76 3.55 0.17 1.20 4.71 4.44 2.57 0.21 3.09 99.00 na 3.20 0.27
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Table 12.28 (continued). 
 
 Sample no. Rock type Alteration SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total density FeO1 S
SH164 Grd Least altered 60.99 0.46 17.30 3.58 bd 1.30 4.68 5.04 2.05 0.28 2.42 99.20 na 3.22 0.42
SH183 Grd Least altered 61.24 0.45 16.84 3.82 bd 0.98 4.00 4.97 2.49 0.31 2.92 98.91 na 3.43 0.33
SH103 Q monz Least altered 58.75 0.71 17.00 6.54 0.22 2.21 4.68 4.51 2.69 0.25 1.68 99.25 2.67 5.88 bd
SH185 And chl-ep 55.33 0.55 14.70 5.35 0.18 5.38 10.66 2.04 2.47 0.12 1.71 99.26 na 4.81 0.32
SH186 And chl-ep 57.94 0.63 15.79 6.23 0.19 2.44 5.79 3.08 2.52 0.28 3.39 99.25 na 5.61 0.39
SH187 And chl-ep 61.44 0.49 17.06 5.37 0.14 1.60 3.76 4.78 2.80 0.14 2.01 100.42 na 4.83 0.33
SH188 And chl-ep 63.46 0.41 15.90 4.21 0.19 0.86 3.05 2.47 5.23 0.18 2.24 98.97 na 3.78 0.31
SH189 And chl-ep 51.17 0.74 20.22 6.55 0.12 2.77 3.97 2.19 7.64 0.44 2.22 99.00 na 5.89 0.39
SH192 And chl-ep 58.82 0.42 14.77 4.47 0.26 1.57 8.11 0.96 3.77 0.22 5.44 99.25 na 4.03 0.18
SH193 And chl-ep 61.05 0.36 15.18 3.82 0.25 1.11 7.18 0.90 4.83 0.17 3.87 99.09 na 3.44 0.14
SH7 And Least altered 54.08 1.18 15.00 10.84 0.19 3.51 6.12 3.28 0.74 0.33 4.07 100.14 na 9.75 0.32
SH20 And Least altered 47.26 0.53 14.36 10.63 0.35 3.09 18.71 1.03 0.13 0.30 3.73 100.89 na 9.56 0.30
SH25 And Least altered 57.56 0.56 13.74 8.81 0.16 2.31 14.41 0.29 0.59 0.27 1.00 100.14 na 7.93 0.17
SH126 And Least altered 53.49 0.80 18.53 9.21 0.32 4.40 4.34 4.22 1.18 0.13 2.56 99.42 na 8.29 0.09
SH132v And Least altered 46.10 0.93 19.31 10.05 0.23 5.82 11.49 2.52 0.34 bd 2.06 98.91 na 9.04 bd
SH2 Dac Unaltered 66.73 0.30 16.01 2.04 <0.1 0.33 2.66 5.43 3.43 0.14 1.45 98.64 na 1.84 na
SH27 Dac Unaltered 62.94 0.40 16.55 3.28 0.06 1.24 4.02 4.57 2.80 0.22 3.46 100.26 na 2.95 na
SH33 Dac Unaltered 66.79 0.30 16.23 2.07 <0.1 0.35 2.45 5.39 3.51 0.14 1.89 99.21 na 1.86 na
SH35 Dac Unaltered 68.77 0.30 16.17 2.09 <0.1 0.27 2.27 5.63 3.54 0.11 1.09 100.31 na 1.88 na
SH42 Dac Unaltered 68.37 0.31 16.28 2.16 0.04 0.37 2.39 5.62 3.57 0.14 1.14 100.47 na 1.95 na
SH43 Dac Unaltered 67.18 0.30 16.28 2.04 <0.1 0.34 2.36 5.55 3.41 0.13 1.27 98.95 na 1.84 na
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Table 12.28 (continued). 
 
 Sample no. Cr Ni Co Sc V Cu Pb Zn Bi Sn Cd In Tl W Mo As Se
SH8 bd bd bd na 56.40 50.60 18.70 61.60 bd bd na bd na bd bd bd bd
SH22 20.50 bd bd na 70.60 64.30 25.50 117.80 bd bd na bd na 20.30 bd 31.20 bd
SH24 bd bd bd na 60.50 42.20 13.40 63.00 bd bd na bd na 20.10 bd bd bd
SH82 23.00 5.00 8.80 4.00 71.00 81.00 12.00 72.00 bd 1.00 bd bd na 2.00 bd bd bd
SH101 20.10 bd bd na 68.00 214.00 23.00 110.00 bd bd bd bd bd bd bd bd bd
SH117 bd bd bd na 59.90 1722.00 16.70 224.80 bd bd na bd bd bd bd bd bd
SH137 bd bd bd na 70.00 49.00 bd 106.00 bd bd bd bd bd bd bd bd bd
SH145 bd bd 45.70 na 69.30 49.20 14.10 107.20 0.80 0.80 1.00 bd 2.60 307.50 bd bd 1.10
SH155 bd bd 53.20 na 59.80 1371.00 15.30 234.10 0.80 bd 1.40 bd 2.70 365.60 bd bd 0.70
SH157 bd bd bd na 64.70 50.50 15.70 62.20 bd bd bd bd bd bd bd bd bd
SH77 bd bd 17.20 na 58.60 2052.00 96.40 130.10 0.50 bd bd bd bd bd bd 8.20 bd
SH106 20.10 bd bd na 61.00 37.00 bd 243.00 bd bd bd bd bd bd bd bd bd
SH114 bd bd 18.20 na 54.50 1558.00 18.60 233.20 bd bd bd bd bd bd bd bd bd
SH129 bd bd 52.60 na 53.30 75.90 40.60 172.00 1.00 1.60 2.30 bd 5.50 431.70 bd bd 0.70
SH130 bd bd 42.40 na 49.60 148.60 12.90 195.10 1.20 1.00 2.10 bd 4.00 372.60 bd bd 0.60
SH143 24.00 11.00 4.30 1.00 63.00 >10000 12.00 1348.00 12.00 2.00 1.70 bd bd 3.00 bd 42.00 bd
SH148 20.10 bd bd na 56.00 20.00 23.00 83.00 bd bd bd bd bd bd bd bd bd
SH149 bd bd 34.30 na 46.80 44.00 11.20 106.60 0.50 0.40 1.30 bd 2.60 267.90 bd bd 0.70
SH154 bd bd bd na 58.00 37.00 bd 180.00 bd bd bd bd bd bd bd bd bd
SH167 bd bd bd na 64.10 >7174 16.80 79.80 bd bd na bd na bd bd 37.80 bd
SH171 bd bd bd na 35.20 49.70 63.60 bd bd 2.30 na bd na 31.30 bd bd bd
SH4 10.00 bd 45.70 bd 47.20 194.90 128.00 30.70 1.70 1.00 1.10 bd 7.10 7.00 bd 102.00 2.20
SH5 20.90 bd bd na 60.60 16.40 153.40 186.60 1.90 bd na bd bd 23.90 bd bd bd
SH28 159.50 bd bd na 100.10 36.10 13.80 34.10 bd bd na bd bd 27.90 bd 53.20 3.00
SH32 bd bd 44.00 na 54.00 40.40 244.60 17.50 4.60 bd 1.50 bd 8.80 535.40 bd 15.20 1.60
SH34 10.00 5.00 41.10 bd 38.80 184.00 20.30 59.40 1.20 1.90 1.80 1.40 8.80 30.00 23.00 22.00 1.60
SH38 bd bd bd na 31.00 198.00 478.30 86.30 2.40 bd na bd bd 21.30 bd 16.30 bd
SH52 24.00 bd bd 1.00 98.00 84320.00 135.00 21.00 19.00 4.00 bd bd bd 10.00 25.00 437.00 bd
SH55 bd bd 10.90 na 75.40 1433.00 13.60 14.30 0.50 3.10 1.50 bd 1.00 23.30 27.60 22.30 6.40
SH56a bd 9.60 99.90 na 41.20 21.00 16.10 22.00 2.30 4.20 1.50 bd 9.40 1224.00 bd bd 2.10
SH56b bd 10.50 109.00 na 46.90 38.40 21.80 24.30 2.10 4.30 1.40 bd 9.80 1107.00 bd 24.60 4.10
SH94 bd bd bd na 83.00 38217.00 32.00 bd bd bd bd bd bd 22.00 bd 0.00 bd
SH97 bd bd 12.70 na 86.20 119.60 12.80 38.30 bd 2.20 1.50 bd 1.90 23.40 bd 44.30 3.00
SH104 bd bd 9.50 na 41.00 131.60 267.10 17.00 4.40 2.20 1.20 bd 2.20 19.50 bd 26.30 2.50
SH120 bd bd 4.90 na 54.60 39.00 30.40 11.40 1.20 2.30 1.10 bd bd < 20 bd bd 1.10
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Table 12.28 (continued). 
 
 Sample no. Cr Ni Co Sc V Cu Pb Zn Bi Sn Cd In Tl W Mo As Se
SH123 bd 8.30 70.90 na 45.30 35.20 73.80 14.20 4.80 5.60 1.40 bd 11.10 995.00 bd bd 2.00
SH124 bd bd 31.40 na 64.40 36.20 279.50 27.80 5.10 bd 1.60 bd 6.40 400.50 bd 2.90 0.60
SH23 bd bd bd na 81.50 21.70 26.30 137.30 bd 3.00 na bd bd 20.40 bd 21.10 bd
SH31 25.60 1.00 35.60 1.00 69.90 381.00 593.00 27.20 3.80 2.00 0.90 na 5.30 70.00 4.00 233.00 2.30
SH58 19.50 1.00 21.70 bd 86.10 1155.00 23.90 23.00 2.00 3.50 1.90 na 2.20 23.30 17.00 26.00 4.90
SH75 bd bd bd na 44.10 136.90 bd 179.80 bd bd na na bd bd bd 14.40 bd
SH86L 21.00 bd bd na 70.00 bd 40.00 83.00 bd bd bd na bd bd bd bd bd
SH86N bd bd 4.80 na 54.40 24.00 45.00 66.10 1.40 0.60 1.10 na 1.80 bd bd bd 0.20
SH131 bd bd 36.50 na 30.60 15.10 36.50 49.00 1.80 1.90 2.10 1.50 7.00 497.00 bd bd 1.30
SH133 20.00 bd 0.00 na 59.00 35.00 bd 357.00 bd bd bd bd bd bd bd bd bd
SH153 bd bd bd na 59.00 98.00 bd 397.00 bd bd bd bd bd bd bd bd bd
SH179 bd bd bd na 57.20 23.40 262.00 bd 3.30 bd bd bd bd 24.90 bd 161.10 4.60
SH45 25.00 bd bd bd 53.00 43.00 128.00 13.00 bd 4.00 na bd bd 31.00 3.00 22.00 bd
SH57 bd bd 40.90 na 52.50 20.50 130.30 8.60 3.30 bd 1.30 bd 5.40 556.30 bd 2.50 1.10
SH61 bd bd bd na 50.70 12.60 113.60 bd 4.10 bd 1.00 bd 1.40 258.50 bd 4.00 0.90
SH65a bd bd 2.70 na 63.00 16.00 190.60 bd 4.60 3.00 1.80 bd bd 28.40 bd 86.50 1.20
SH68 21.00 bd bd na 60.00 bd 96.00 bd bd bd bd bd bd bd bd 64.00 bd
SH90 22.00 bd bd bd 72.00 72.00 141.00 17.00 2.00 2.00 bd bd bd 27.00 3.00 72.00 bd
SH105 bd bd bd na 46.00 < 10 221.70 bd 2.20 bd 1.20 bd bd 21.90 bd 273.70 1.80
SH118 bd bd bd na 49.30 10.00 54.90 9.80 0.60 2.10 1.00 bd 1.00 23.40 bd bd 0.20
SH119 bd bd bd na 47.60 11.30 69.40 bd 0.80 2.30 1.00 bd bd 25.90 bd bd 0.40
SH127 bd bd 3.10 na 55.40 14.40 71.40 11.20 0.80 1.80 1.30 bd 1.50 24.20 bd bd 0.50
SH128 bd bd bd na 68.70 66.50 34.50 17.30 bd bd na bd bd 28.90 21.70 54.10 2.00
SH125 10.00 5.00 23.00 bd 45.00 398.40 125.00 16.00 39.00 7.00 1.70 1.10 bd 27.70 2.00 141.00 18.70
SH139 22.00 bd bd na 39.00 1007.00 163.00 41.00 bd bd bd bd bd 52.00 bd 165.00 bd
SH160 bd bd 10.00 na 31.50 115.80 184.20 bd 22.10 bd 1.20 bd bd 26.40 bd 124.60 11.00
SH176 10.00 bd bd bd 29.00 44.60 329.80 6.00 3.10 1.00 na bd bd 53.70 11.00 56.60 bd
SH190 10.00 1.00 0.80 bd 27.30 69.00 514.50 6.00 8.40 24.00 na bd bd 21.60 20.00 226.00 4.60
SH191 bd bd bd na bd 127.10 286.10 bd 5.40 bd na na bd 20.70 bd 452.10 4.40
SH195a 10.00 1.00 1.00 bd 16.00 68.60 341.20 6.00 21.00 1.00 na na bd 3.00 2.00 43.90 bd
SH195b bd bd bd na 22.70 101.00 331.00 bd 13.90 bd na na bd 21.00 bd 91.20 bd
SH78 bd bd bd na 62.90 101.60 20.80 61.50 <1.5 bd na bd bd bd bd bd bd
SH99 10.00 7.00 9.60 3.00 65.00 49.00 14.00 126.00 bd 1.00 bd na na 2.00 bd 5.00 bd
SH115 bd bd bd na 62.70 77.30 23.00 74.60 bd bd na na na bd bd bd bd
SH136 bd bd bd na 54.30 23.40 40.30 201.40 bd bd na na na 20.00 bd bd bd
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Table 12.28 (continued). 
 
 Sample no. Cr Ni Co Sc V Cu Pb Zn Bi Sn Cd In Tl W Mo As Se
SH164 bd bd bd na 60.40 66.60 14.60 49.90 bd bd na na na bd bd bd bd
SH183 bd bd bd na 54.60 227.60 15.30 129.90 bd bd na na na bd bd bd bd
SH103 10.00 3.00 9.90 2.00 97.00 55.00 23.00 134.00 bd 2.00 na na na 2.00 1.00 9.00 bd
SH185 90.00 112.80 22.50 na 123.20 13.40 30.30 93.30 bd bd na bd bd 21.30 bd 11.80 bd
SH186 117.60 39.60 bd na 123.20 38.40 12.40 126.40 bd bd na bd bd bd bd 12.90 bd
SH187 113.80 40.00 24.40 na 123.30 37.50 12.10 123.70 bd bd na bd bd 20.40 bd 13.10 bd
SH188 40.40 30.40 bd na 69.80 77.00 61.00 164.20 bd bd na bd bd bd bd 58.10 bd
SH189 28.80 bd bd na 153.00 103.40 34.70 126.10 bd 2.10 na bd bd 20.60 bd bd bd
SH192 24.10 bd bd na 66.70 18.70 21.50 77.60 bd bd na bd bd 20.70 bd 43.20 bd
SH193 26.50 32.50 bd na 59.50 28.20 50.10 90.00 bd bd na bd bd 20.20 bd 29.40 bd
SH7 21.00 bd 30.00 na 289.80 17.70 10.60 111.20 bd bd bd bd bd bd bd bd bd
SH20 221.80 82.40 28.00 na 174.60 160.90 298.50 422.40 5.00 bd bd bd bd bd bd 14.60 bd
SH25 108.50 91.80 22.00 na 173.30 116.60 16.40 116.60 bd bd bd bd bd bd bd 12.10 bd
SH126 37.00 35.50 42.10 na 193.10 7607.00 10.90 195.50 bd 2.80 2.10 bd bd bd bd bd 0.30
SH132v 76.40 42.50 56.80 4.00 271.60 130.00 34.00 84.00 0.80 1.10 1.30 bd bd 2.00 bd bd bd
SH2 bd bd bd na 35.00 bd 26.00 58.00 bd bd 1.10 bd bd bd bd bd bd
SH27 bd bd bd na 48.10 27.10 24.10 145.50 bd bd na na na bd bd bd bd
SH33 bd bd bd na 34.00 28.00 29.00 56.00 bd bd bd bd bd bd bd bd bd
SH35 bd bd bd na 34.00 bd 21.00 56.00 bd bd bd bd bd bd bd bd bd
SH42 bd bd bd na 35.00 bd 25.00 62.00 bd bd bd bd bd bd bd bd bd
SH43 bd bd bd na 35.00 bd 26.00 55.00 bd bd bd bd bd bd bd bd bd
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Table 12.28 (continued). 
 
 
 Sample no. Sb Ag Au Hg Rb Cs Ba Sr Ga Hf Zr Nb Y Th U La Ce Pr Nd Sm Eu Gd Tb
SH8 bd bd na na 101.30 na 529.20 578.90 18.00 bd 75.00 bd bd na na 20.00 bd na na na na na na
SH22 bd bd na na 87.60 na 542.00 238.80 21.10 bd 124.30 bd bd na na 37.70 58.00 na na na na na na
SH24 bd bd na na 70.40 na 354.80 303.00 19.70 bd 85.20 bd bd na na 26.10 bd na na na na na na
SH82 bd bd bd bd 44.10 0.60 586.00 806.00 21.00 2.00 58.00 4.00 7.30 4.00 1.80 22.30 43.10 5.10 19.30 3.30 0.80 2.60 0.30
SH101 bd bd na bd 55.00 bd 513.00 776.00 bd bd 56.00 bd bd bd bd bd bd bd bd na na na na
SH117 bd bd na na 52.90 na 505.90 756.80 21.10 bd 76.30 bd bd na na 18.40 bd na na na na na na
SH137 bd bd na bd 50.00 bd 612.00 799.00 21.00 bd 65.00 bd bd bd bd bd bd bd bd na na na na
SH145 bd 1.70 na bd 68.50 bd 996.00 554.90 16.30 4.60 127.00 bd 21.80 bd bd 27.30 53.40 18.40 33.10 na na na na
SH155 bd bd na bd 52.90 bd 556.50 757.70 22.90 bd 91.50 bd bd bd na 19.50 bd bd 15.90 na na na na
SH157 bd bd na na 47.60 na 520.60 955.10 20.30 bd 83.50 bd bd na na 22.50 bd na na na na na na
SH77 bd bd na bd 57.10 bd 568.90 778.70 20.70 bd 84.00 bd bd bd na 20.20 bd bd bd na na na na
SH106 bd bd na bd 53.00 bd 725.00 56.00 20.00 bd 59.00 bd bd bd bd bd bd bd bd na na na na
SH114 bd bd na bd 52.90 bd 522.90 768.30 20.80 bd 82.50 bd bd bd bd 18.80 bd bd bd na na na na
SH129 bd bd na bd 85.10 bd 1038.00 815.90 20.90 2.70 104.40 bd bd bd bd 18.80 bd 10.20 18.50 na na na na
SH130 bd bd na bd 90.20 bd 843.20 677.90 21.10 4.20 109.60 bd bd bd bd 24.80 45.40 12.90 23.10 na na na na
SH143 bd bd bd bd 103.00 1.30 564.00 498.00 19.00 3.00 91.10 5.00 9.20 8.00 3.50 23.80 39.80 4.90 17.40 2.70 0.70 2.40 0.30
SH148 bd bd na bd 81.00 bd 915.00 832.00 bd bd 65.00 bd bd bd bd bd bd bd bd na na na na
SH149 bd bd na bd 76.30 bd 709.20 715.60 20.10 4.40 107.40 bd bd bd bd 26.70 47.80 8.70 18.40 na na na na
SH154 bd bd na bd 95.00 bd 637.00 444.00 bd bd 71.00 bd bd bd bd bd bd bd bd na na na na
SH167 bd bd na na 97.70 na 958.00 399.70 22.90 bd 71.80 bd bd na na 19.70 bd na na na na na na
SH171 bd bd na na bd na 534.10 361.50 20.10 bd 79.20 bd bd na na 18.70 bd na na na na na na
SH4 10.10 9.30 0.07 bd 184.50 9.30 352.80 39.60 21.00 5.20 88.50 6.00 6.60 6.00 2.90 23.60 32.60 6.80 17.80 1.80 0.50 1.70 0.20
SH5 bd bd na na 126.10 na 553.60 176.40 18.60 bd 126.80 bd bd na na 29.90 52.40 na na na na na na
SH28 22.30 4.10 na na 204.40 na 251.80 16.60 16.40 bd 124.80 bd 24.30 na na 16.90 bd na na na na na na
SH32 16.30 2.20 na bd 133.40 bd 821.90 132.20 19.30 4.00 122.90 bd bd bd bd 24.40 bd 10.30 21.10 na na na na
SH34 bd 0.20 0.01 1.00 167.60 9.00 1975.00 50.30 21.00 4.10 99.50 5.00 4.70 8.00 2.70 22.90 37.90 21.50 27.60 2.30 0.60 1.90 0.20
SH38 bd bd na na 114.40 na 603.00 413.50 17.50 bd 93.40 bd bd na na 21.00 bd na na na na na na
SH52 39.00 6.10 0.01 bd 116.00 1.90 604.00 561.00 20.00 2.00 43.00 5.00 3.00 3.00 1.80 12.10 21.90 2.40 8.30 1.10 0.30 1.00 0.10
SH55 bd bd na bd 106.90 bd 271.50 216.50 18.00 bd 87.50 bd bd bd bd 20.30 bd bd bd na na na na
SH56a bd bd na bd 128.30 bd 421.90 266.40 20.70 4.10 132.50 bd bd bd bd 42.20 < 21 9.16 16.60 na na na na
SH56b bd bd na bd 140.30 bd 503.00 259.70 22.80 5.90 115.70 bd bd bd bd 19.80 bd bd 4.10 na na na na
SH94 bd bd na bd 64.00 bd 1093.00 410.00 bd bd 36.00 bd bd bd bd bd bd bd bd na na na na
SH97 bd bd na bd 91.90 bd 1184.00 376.60 23.10 3.40 94.40 bd bd bd bd 16.30 bd 17.80 24.50 na na na na
SH104 bd bd na bd 141.80 bd 873.60 442.40 17.80 3.30 109.90 9.30 bd bd bd 29.50 55.00 13.60 25.90 na na na na
SH120 bd bd na bd 90.60 bd 143.90 455.10 17.80 bd 81.10 bd bd bd bd 23.00 bd bd 5.90 na na na na
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Table 12.28 (continued). 
 
 Sample no. Sb Ag Au Hg Rb Cs Ba Sr Ga Hf Zr Nb Y Th U La Ce Pr Nd Sm Eu Gd Tb
SH123 bd bd na bd 92.30 bd 589.90 694.80 23.50 4.60 109.00 bd bd bd bd 16.80 bd 7.60 16.60 na na na na
SH124 bd 1.90 na bd 138.00 bd 606.50 707.60 17.90 5.90 152.90 bd 27.60 bd bd 35.70 61.80 8.80 22.80 na na na na
SH23 bd bd na na 86.10 na 546.90 148.80 21.80 bd 111.10 bd bd na na 23.00 bd na na na na na na
SH31 3.00 1.40 0.03 bd 199.20 19.80 417.00 227.00 21.00 7.80 117.80 6.00 11.60 8.00 3.50 38.00 68.80 9.30 26.90 4.60 1.20 4.20 0.50
SH58 bd bd 0.01 bd 85.20 1.50 555.40 351.80 20.80 3.00 78.80 4.00 3.00 6.00 1.80 17.20 27.10 6.30 21.30 1.30 0.30 1.20 0.10
SH75 bd bd na na 87.30 na 367.90 412.70 18.20 bd 86.00 bd bd na na 16.30 bd na na na na na na
SH86L bd bd na bd 92.00 bd 671.00 327.00 bd bd 63.00 bd bd bd na bd bd bd bd na na na na
SH86N bd bd na bd 99.60 bd 600.50 354.50 18.30 3.40 112.80 bd bd bd bd 14.30 bd 7.90 6.50 na na na na
SH131 bd 2.30 na bd 124.90 bd 1469.00 733.40 20.30 3.40 116.70 bd bd bd bd 10.00 bd 18.50 16.90 na na na na
SH133 bd bd na bd 93.00 bd 697.00 764.00 bd bd 75.00 bd bd bd bd bd bd bd bd na na na na
SH153 bd bd na bd 61.00 bd 643.00 828.00 bd bd 71.00 bd bd bd bd bd bd bd bd na na na na
SH179 bd bd na na bd na 476.60 755.80 19.30 bd 81.50 bd bd na na 25.90 bd na na na na na na
SH45 5.00 bd bd bd 1.30 bd 215.00 1270.00 16.00 4.00 61.00 7.00 2.10 10.00 2.00 32.90 57.70 6.30 20.20 2.40 0.60 1.90 0.10
SH57 bd bd na bd 25.00 bd 203.50 1318.00 21.20 3.80 101.80 bd bd bd bd 17.90 bd 4.60 5.40 na na na na
SH61 bd bd na bd bd bd 170.10 735.30 26.90 4.20 102.90 bd bd bd bd 28.10 48.60 5.90 16.10 na na na na
SH65a bd bd na bd bd bd 735.80 919.70 15.90 2.60 91.50 bd bd bd bd 19.70 bd 13.50 22.20 na na na na
SH68 bd bd na bd bd bd 294.00 349.00 bd bd 48.00 bd bd bd bd bd bd bd bd na na na na
SH90 3.00 0.30 0.01 bd 1.40 bd 347.00 603.00 23.00 4.00 92.00 7.00 4.50 11.00 4.00 31.50 55.50 6.20 21.30 3.40 0.80 2.80 0.30
SH105 39.10 bd na bd bd bd 146.70 1516.00 20.10 2.90 117.00 bd bd bd bd 25.60 46.00 bd 12.80 na na na na
SH118 bd bd na bd 79.60 bd 131.00 367.80 18.10 3.00 108.10 bd bd bd bd 22.00 bd bd 6.20 na na na na
SH119 bd bd na bd bd bd 154.60 565.60 16.80 4.90 116.00 bd bd bd bd 22.10 bd bd 5.80 na na na na
SH127 bd bd na bd 80.60 bd 227.60 461.10 17.80 3.90 108.20 bd bd bd bd 32.60 49.70 bd 12.80 na na na na
SH128 bd bd na na 67.20 na 709.80 471.80 18.70 bd 95.50 bd bd na na 23.10 bd na na na na na na
SH125 40.00 7.20 0.11 1.00 1.30 0.20 38.00 382.00 12.00 4.20 26.00 1.00 2.20 3.00 1.00 13.00 7.40 1.00 3.90 0.90 0.20 0.60 0.10
SH139 37.00 bd na bd bd bd 94.00 834.00 bd bd bd bd bd bd bd bd bd bd bd na na na na
SH160 34.60 3.80 na bd bd bd 42.90 731.60 20.30 bd 24.70 bd bd bd bd 10.70 bd bd bd na na na na
SH176 4.00 0.20 0.01 na 0.40 bd 185.00 1967.00 5.00 2.00 61.60 3.00 1.40 3.00 1.00 16.90 17.20 1.80 6.30 0.90 0.30 0.70 0.10
SH190 14.50 2.50 0.03 na 1.40 0.40 110.50 1610.00 7.00 1.00 32.90 1.00 1.40 2.00 0.60 17.30 12.80 1.60 6.90 1.60 0.40 1.10 0.10
SH191 19.60 bd na na bd na 93.30 856.30 na bd bd bd bd na na 12.00 bd na na na na na na
SH195a 12.80 0.20 0.04 na 1.20 0.40 57.10 1755.00 12.00 bd 7.50 bd 1.10 1.00 na 13.00 6.60 0.80 3.60 0.90 0.30 0.90 0.10
SH195b 18.90 bd na na bd na 65.40 1518.00 25.50 bd bd bd bd na na bd bd na na na na na na
SH78 bd bd na na 70.40 na 663.60 778.40 19.30 bd 72.70 bd bd na na 19.60 bd na na na na na na
SH99 bd bd bd 1.00 58.10 1.50 685.00 789.00 20.00 3.00 110.50 4.00 7.40 7.00 2.60 24.70 46.60 5.60 20.40 3.50 0.90 2.80 0.30
SH115 bd bd na na 51.10 na 600.80 883.10 19.90 bd 73.60 bd bd na na 24.50 bd na na na na na na
SH136 bd bd na na 68.00 na 527.90 682.90 19.40 bd 88.00 bd bd na bd 23.00 bd na na na na na na
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Table 12.28 (continued). 
 
 Sample no. Sb Ag Au Hg Rb Cs Ba Sr Ga Hf Zr Nb Y Th U La Ce Pr Nd Sm Eu Gd Tb
SH164 bd bd na na 47.30 na 530.60 906.50 19.90 bd 77.40 bd bd na bd 22.30 bd na na na na na na
SH183 bd bd na na 59.30 na 573.30 818.10 19.10 bd 89.00 bd bd na na 25.70 bd na na na na na na
SH103 bd bd bd 1.00 62.00 0.90 1251.00 487.00 17.00 4.00 112.00 6.00 23.00 14.00 2.60 36.20 63.60 7.10 26.10 5.10 1.40 5.10 0.80
SH185 bd bd na na 58.00 na 404.10 305.50 16.00 bd 119.30 bd 20.90 na na 21.50 bd na na na na na na
SH186 bd bd na na 78.20 na 855.20 533.00 14.40 bd 126.70 bd bd na na 24.70 bd na na na na na na
SH187 bd bd na na 78.30 na 829.30 533.40 15.60 bd 127.30 bd bd na na 24.30 bd na na na na na na
SH188 bd bd na na 183.40 na 1517.00 458.80 13.10 bd 95.80 bd bd na na 23.40 bd na na na na na na
SH189 bd bd na na 251.00 na 1622.00 447.80 17.90 bd 161.10 bd 23.30 na na 26.60 50.40 na na na na na na
SH192 bd bd na na 149.00 na 502.10 314.60 16.90 bd 81.90 bd bd na na 22.90 bd na na na na na na
SH193 bd bd na na 163.60 na 862.80 452.20 18.20 bd 82.00 bd bd na na 22.70 bd na na na na na na
SH7 bd bd na na 18.90 na 183.00 304.50 17.60 bd 116.20 bd 29.40 na na 20.30 bd na na na na na na
SH20 bd 2.40 na na 10.00 na 133.20 442.90 21.70 bd 93.90 bd 25.20 na na 29.90 bd na na na na na na
SH25 bd bd na na 13.80 na 93.00 365.50 19.40 bd 98.70 bd bd na na 31.40 bd na na na na na na
SH126 bd 5.70 na bd 41.30 bd 271.90 211.30 18.40 bd 116.00 bd 36.30 bd bd 17.80 bd 4.90 8.60 na na na na
SH132v bd bd bd 1.00 14.80 0.80 828.00 307.50 17.70 3.00 111.50 4.00 20.90 9.00 1.70 11.30 41.40 4.70 17.40 3.60 1.10 3.80 0.60
SH2 bd bd na bd 73.00 bd 1067.00 977.00 20.00 bd 94.00 bd bd bd bd bd bd bd bd na na na na
SH27 bd bd na na 71.10 na 1242.00 528.90 18.40 bd 86.10 bd bd na na 25.20 bd na na na na na na
SH33 bd bd na bd 74.00 bd 1019.00 1003.00 bd bd 91.00 bd bd na bd bd bd bd bd na na na na
SH35 bd bd na bd 77.00 bd 1113.00 996.00 bd bd 98.00 bd bd bd bd bd bd bd bd na na na na
SH42 bd bd na bd 72.00 bd 1060.00 983.00 20.00 bd 101.00 bd bd bd bd bd bd bd bd na na na na
SH43 bd bd na bd 75.00 bd 989.00 1004.00 bd bd 94.00 bd bd bd bd bd bd bd bd na na na na
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Table 12.28 (continued). 
 
 Sample no. Dy Ho Er Tm Yb Lu Ta Br
SH123 na na na na na na bd 2.10
SH124 na na na na na na 5.50 1.60
SH23 na na na na na na na na
SH31 2.40 0.40 1.20 0.20 1.10 0.20 7.30 1.00
SH58 0.50 0.10 0.30 <0.1 0.30 <0.1 bd 0.60
SH75 na na na na na na na na
SH86L na na na na na na bd bd
SH86N na na na na na na bd 0.60
SH131 na na na na na na bd 1.40
SH133 na na na na na na bd bd
SH153 na na na na na na bd bd
SH179 na na na na na na na na
SH45 0.30 0.10 0.30 <0.1 0.30 0.10 bd bd
SH57 na na na na na na bd 1.40
SH61 na na na na na na bd 1.00
SH65a na na na na na na bd 0.80
SH68 na na na na na na bd bd
SH90 0.90 0.10 0.50 0.10 0.70 0.10 bd bd
SH105 na na na na na na bd 0.80
SH118 na na na na na na bd 0.70
SH119 na na na na na na bd 0.70
SH127 na na na na na na bd 0.70
SH128 na na na na na na na na
SH125 0.30 0.10 0.20 0.10 0.20 0.10 bd 0.70
SH139 na na na na na na bd bd
SH160 na na na na na na bd 0.50
SH176 0.20 0.10 0.10 0.10 0.10 0.10 na na
SH190 0.30 bd 0.10 bd 0.10 bd na na
SH191 na na na na na na na na
SH195a 0.30 bd bd bd bd bd na na
SH195b na na na na na na na na
SH78 na na na na na na na na
SH99 1.40 0.20 0.70 0.10 0.60 0.10 bd bd
SH115 na na na na na na na na
SH136 na na na na na na na na
Sample no. Dy Ho Er Tm Yb Lu Ta Br
SH164 na na na na na na na na
SH183 na na na na na na na na
SH103 4.30 0.90 2.80 0.40 2.70 0.40 bd bd
SH185 na na na na na na na na
SH186 na na na na na na na na
SH187 na na na na na na na na
SH188 na na na na na na na na
SH189 na na na na na na na na
SH192 na na na na na na na na
SH193 na na na na na na na na
SH7 na na na na na na na na
SH20 na na na na na na na na
SH25 na na na na na na na na
SH126 na na na na na na bd 0.50
SH132v 3.50 0.70 2.20 0.30 2.10 0.40 bd 0.80
SH2 na na na na na na bd bd
SH27 na na na na na na na na
SH33 na na na na na na bd bd
SH35 na na na na na na bd bd
SH42 na na na na na na bd bd
SH43 na na na na na na bd bd
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample no. Dy Ho Er Tm Yb Lu Ta Br
SH8 na na na na na na na na
SH22 na na na na na na na na
SH24 na na na na na na na na
SH82 1.30 0.20 0.60 0.10 0.50 0.10 bd bd
SH101 na na na na na na bd bd
SH117 na na na na na na na na
SH137 na na na na na na bd bd
SH145 na na na na na na bd 1.10
SH155 na na na na na na bd 1.20
SH157 na na na na na na na na
SH77 na na na na na na bd bd
SH106 na na na na na na bd bd
SH114 na na na na na na bd bd
SH129 na na na na na na 7.40 1.50
SH130 na na na na na na bd 1.40
SH143 1.40 0.20 0.70 0.10 0.60 0.10 bd bd
SH148 na na na na na na bd bd
SH149 na na na na na na bd 1.10
SH154 na na na na na na bd bd
SH167 na na na na na na na na
SH171 na na na na na na na na
SH4 1.10 0.20 0.60 0.10 0.50 0.10 8.10 1.00
SH5 na na na na na na na na
SH28 na na na na na na na na
SH32 na na na na na na bd 1.20
SH34 0.70 0.10 0.40 <0.1 0.40 0.10 bd 1.40
SH38 na na na na na na na na
SH52 0.40 0.10 0.20 <0.1 0.30 <0.1 bd bd
SH55 na na na na na na bd 1.00
SH56a na na na na na na bd 2.50
SH56b na na na na na na 5.90 2.40
SH94 na na na na na na bd bd
SH97 na na na na na na bd 0.80
SH104 na na na na na na 3.40 0.80
SH120 na na na na na na bd 0.70
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Table 12.29 Geochemical data of major oxides and trace elements of various rock types from the Sarcheshmeh copper deposit. 
 
Sample no. Rock type Alteration SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total density FeO
1 S Cr Ni Co
SA1 Monz Least altered 71.44 0.41 13.96 2.36 bd 1.24 0.32 1.84 4.53 bd 2.14 98.88 na 2.12 0.23 24.60 bd bd
SA4 Grd Least altered 62.59 0.42 17.33 4.32 0.12 0.53 2.47 4.15 2.89 0.30 3.11 98.65 na 3.89 0.16 10.00 24.60 18.80
SA6 Grd Least altered 63.62 0.44 17.19 4.27 bd 1.91 1.42 4.32 2.54 0.20 2.66 99.09 na 3.84 1.32 34.40 24.50 14.20
SA7 Grd Least altered 74.3 0.26 10.8 4.54 bd 0.73 bd 0.09 3.59 bd 3.20 97.60 na 4.09 3.12 21.70 13.00 30.30
SA8 Grd Least altered 63.21 0.46 17.39 3.94 bd 1.95 2.04 4.77 2.02 0.28 2.25 98.83 na 3.54 1.38 26.20 16.00 17.40
SA9 Grd Least altered 61.59 0.41 23.26 2.79 bd 1.44 bd 0.05 5.58 0.04 6.79 97.50 na 2.51 0.91 28.30 bd 30.80
SA10 Grd Least altered 60.52 0.34 14.53 3.49 bd 1.34 4.51 0.19 4.33 0.33 4.64 98.68 na 3.14 1.78 21.10 bd bd
SA11 Grd Least altered 58.99 0.83 15.56 7.02 bd 3.87 3.66 2.40 2.33 0.31 2.82 99.06 na 6.32 0.47 54.00 47.20 24.80
SA12a Grd Least altered 65.70 0.36 16.52 3.30 bd 1.32 1.05 4.32 3.07 0.36 1.91 98.81 na 2.97 0.34 25.00 15.00 11.70
SA12b Grd Least altered 66.56 0.37 15.95 1.72 0.15 1.20 1.07 3.22 4.09 0.22 2.95 98.53 na 1.54 0.42 23.50 20.50 bd
Notes: bd = below detection limit; na = not analysed; FeO1 = 0.899(Fe2O3); major oxides, LOI, S and C are in wt.%, all trace elements are in ppm, and density is in g/cm3.
 
 
 
 
 
 
 
 
 
 
 
 
Table 12.29 continued. 
 
Sample no. Sc V Cu Pb Zn Bi Sn Cd In Tl W Mo As Se Sb Ag Au Hg Rb Cs Ba Sr Ga
SA1 na 70.80 >10450 bd 48.10 bd 2.50 na na na 27.90 >710 bd 5.20 bd 3.30 na na 110.60 na 544.00 198.50 12.00
SA4 3.00 62.20 78.40 26.10 252.80 bd 1.00 na na na 21.80 3.00 16.50 bd bd bd 0.02 na 85.10 3.40 785.00 583.50 20.90
SA6 6.00 97.80 575.00 17.90 90.50 2.00 2.00 na na na 23.70 33.80 bd bd bd bd 0.03 na 65.80 2.10 745.00 572.40 20.20
SA7 1.00 70.00 >24570 2.00 56.40 35.00 7.00 na na na 34.30 529.00 bd 14.20 bd 3.90 0.31 na 105.40 1.50 294.00 46.50 8.80
SA8 2.00 67.80 1055.00 11.00 25.60 bd 1.00 na na na 27.60 75.00 bd 2.00 bd 0.30 0.02 na 82.20 5.80 294.70 493.10 21.80
SA9 na 94.10 >25230 59.40 29.50 bd 2.40 na na na 34.00 bd 11.10 3.10 bd 2.20 na na 142.20 na 513.10 45.00 20.10
SA10 na 45.20 2460.00 12.80 44.60 bd bd na na na 44.50 bd bd 2.20 bd bd na na 160.40 na 550.90 363.70 17.90
SA11 na 138.00 2384.00 bd 99.30 bd bd na na na 32.70 41.30 11.10 2.80 bd bd na na 125.70 na 190.80 182.70 17.90
SA12a 3.00 56.20 204.00 65.20 82.80 bd 1.00 na na na 3.00 9.00 bd bd bd bd bd 1.00 93.00 4.80 836.00 556.50 17.80
SA12b na 49.50 25.80 35.30 270.50 bd bd na bd na 24.30 bd bd bd bd bd na na 143.20 na 895.70 300.50 17.70
Sample no. Hf Zr
S
Nb Y Th U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ta Br
A1 bd 125.80 14.60 bd na na 28.30 52.80 na na na na na na na na na na na na na na
SA4 3.00 94.60 5.00 8.90 8.00 2.70 23.90 50.80 6.00 21.80 3.50 0.90 3.10 0.30 1.40 0.20 0.70 0.10 0.60 0.10 na na
SA6 4.00 97.30 8.00 66.60 11.00 3.70 40.40 75.90 8.40 31.90 7.10 2.20 7.60 1.20 6.80 1.20 3.30 0.50 3.00 0.40 0.60 na
SA7 3.00 86.30 7.00 8.00 12.00 1.30 35.50 55.00 4.40 14.10 2.10 0.60 2.30 0.20 1.40 0.20 0.80 0.10 0.70 0.10 0.50 na
SA8 4.00 106.20 9.00 9.80 11.00 4.20 30.90 55.60 5.60 20.00 3.40 0.90 3.10 0.40 1.70 0.30 0.90 0.10 0.90 0.10 0.60 na
SA9 na 75.30 bd bd na na 27.20 50.90 na na na na na na na na na na na na na na
SA10 na 93.50 bd bd na na 36.50 60.60 na na na na na na na na na na na na na na
SA11 na 160.90 bd 32.70 na na 26.30 bd na na na na na na na na na na na na na na
SA12a 4.00 100.10 10.00 8.20 13.00 5.20 25.50 46.40 4.90 17.00 2.70 0.70 2.50 0.30 1.40 0.20 0.80 0.10 0.70 0.10 0.70 na
SA12b bd 90.70 bd bd na na 26.20 bd na na na na na na na na na na na na na na
 
 
 
 
 
 
 
able 12.29 continued. 
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12.8 Fluid inclusions 
The microthermmetry of fluid inclusions was analyzed using an adapted US Geological Survey 
gasflow heating-freezing stage (Fluid Inc., Denver, Colorado, USA) at RWTH Aachen 
University. The doubly polished samples of quartz (~100 µm thick) were used in this analysis. 
The stage was calibrated using synthetic inclusions of pure water at the freezing point (0°C) and 
critical point (374.1°C) and the triple point of carbon dioxide at -56.6°C. The inclusions were 
first frozen at about -150°C before heating to the higher temperatures. The temperature of 
eutectic (Te), temperature of melting (Tm), Temperature of homogenization (Th) of the phases 
and melting temperatures of halite (Tm NaCl) were recorded during the heating. Each 
measurement was repeated at least twice to get a good precision of data. If the halite daughter 
crystals are present, particularly in Type III inclusions, the salinity is determined on the basis of 
the melting temperature of the halite (cf. Souririjan and Kennedy, 1962). The microthermometric 
data gathered were then processed using a computer software MacFlinCor (Brown and 
Hagemann, 1995), which applied the equation of H2O-NaCl-[KCl] system (Bodnar and Vityk, 
1994). 
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Table 12.30 Microthermometry data of fluid inclusions in quartz vein/veinlets of phyllic alterati
Sample ID Host mineral Shape Origin FIA Type
Size 
(µm) Phase ratio
Vol. Frac 
Vap Th to
Th L-
V Te
Tm 
ice
Molal 
NaCl Wt% NaCl
X 
(NaCl)
Crit. 
Temp.
Crit. 
Press.
Den 
(g/cm3) Bulk MV
4.45 20.65 0.07 579 762 0.948 22
4.53 20.95 0.08 583 773 0.946 22.47
3.83 18.28 0.06 547 682 0.934 21.89
2.14 11.1 0.04 476 493 0.898 21.85
3.74 17.94 0.06 543 672 0.932 21.94
2.27 11.7 0.04 481 508 0.922 21.3
4.45 20.65 0.07 579 762 0.938 22.22
4.61 21.24 0.08 588 784 0.901 23.6
5 22.62 0.08 611 842 0.856 24.84
2.11 10.98 0.04 475 490 0.904 21.72
4.73 21.66 0.08 595 801 0.932 22.79
4.71 21.59 0.08 593 798 0.933 22.77
3.91 18.62 0.07 551 693 0.959 21.73
3.54 17.16 0.06 534 649 0.911 22.43
4.19 19.66 0.07 565 727 0.934 22.32
3.23 15.86 0.05 520 613 0.944 21.24
SH34-950 Gulf Qtz Spheroidal S-trail I 8 L:V=70:30 0.30 L 278.0 -25.8 -17.6
SH34-950 Gulf Qtz Spheroidal S I 15 L:V=70:30 0.30 L 282.1 -26.1 -18.0
SH34-950 Gulf Qtz Tubular P-trail I 12 L:V=80:20 0.20 L 276.8 -28.7 -14.6
SH4-948 Re-Qtz irregular P-trail I 12 L:V=80:20 0.20 L 255.2 -16.6 -7.5
SH4-948 Gulf Qtz irregular P-trail I 15 L:V=80:20 0.20 L 276.6 -28.2 -14.2
SH4-948 Gulf Qtz irregular P-trail I 15 L:V=75:25 0.25 L 237.6 -15.1 -8.0
SH4-948 Gulf Qtz irregular S-trail I 20 L:V=60:40 0.40 L 288.7 -25.8 -17.6
SH4-948 Gulf Qtz Tubular P-trail I 15 L:V=85:15 0.15 L 331.9 -29.3 -18.4
SH4-948 Gulf Qtz irregular P-trail I 12 L:V=85:15 0.15 L 378.1 -30.6 -20.4
SH94-956 Gulf Qtz Spheroidal S-trail I 10 L:V=80:20 0.20 L 249.2 -16.0 -7.4
SH32-949 Qtz veins irregular P-S-trail I 8 L:V=50:50 0.50 L 301.3 -29.3 -19.0
SH52-1033 Qtz veins irregular S-trail I 10 L:V=80:20 0.20 L 225.0 -25.8 -17.6
SH52-1033 Qtz veins Spheroidal S-trail I 10 L:V=80:20 0.20 L 300.0 -42.3 -18.9
SH52-1033 Qtz veins Spheroidal P-trail I 8 L:V=70:30 0.30 L 250.6 -26.0 -15.0
SH52-1033 Qtz veins Spheroidal P-trail I 12 L:V=80:20 0.20 L 291.4 -27.5 -13.3
SH52-1033 Qtz veins Spheroidal P-trail I 10 L:V=85:15 0.15 L 286.8 -30.1 -16.3
SH52-1033 Qtz veins Irregular S-trail I 28 L:V=85:15 0.15 L 247.7 -19.4 -11.9
SH34-950 Qtz veins Irregular S-trail III 25 L:V:S=70:20:10 0.10 L 295.8 -7.0 -1.4
SH34-950 Qtz veins Spheroidal S-trail III 20 L:V:S=50:30:2
0.4 2.31 0.01 395 272 0.732 25.16
0 0.20 L 500.0
SH94-956 Qtz veins Irregular S-trail III 18 L:V:S=70:20:10 0.10 L 380.0 -46.0 -22.9
Notes: P-PS = 
0 0 0 0.466 38.63
primary-pseudosecondary origin; VolFrac Vap = volume of vapour fraction; MolNaCl = molal of NaCl; X NaCl =mole fraction
Crit.Temp. = Critical temperature; Crit.Press = critical pressure; Bulk Den = bulk density; Bulk MV = bulk molar volume of inclusio
 of NaCl; Th to L = homogenised to liquid
ns.
on zone. 
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Table 12.31 Microthermometry data of fluid inclusions in quartz vein/veinlets of advanced argillic altera
Sample ID Host mineral Shape Origin FIA Type
Size 
(µm) Phase ratio
Vol. Frac 
Vap Th to
Th L-
V Te
Tm 
ice
Molal 
NaCl Wt% NaCl
X 
(NaCl)
Crit. 
Temp.
Crit. 
Press.
Den 
(g/cm3) Bulk MV
SH96-957 Qtz veins Spheroidal P I 8 L:V=85:15 0.15 L 180.0 -26.7 -7.8 2.22 11.46 0.04 479 502 0.97 20.24
SH96-957 Qtz veins Spheroidal P I 10 L:V=85:15 0.15 L 262.3 -12.6 -6.0 1.73 9.19 0.03 459 446 0.872 22.05
SH96-957 Gulf Qtz Spheroidal S-trail I 8 L:V=80:20 0.20 L 266.9 -27.7 -13.5 3.59 17.33 0.06 536 654 0.936 21.83
SH96-957 Gulf Qtz Spheroidal P-trail I 8 L:V=80:20 0.20 L 274.0 -30.7 -13.6 0 374 218 0.743 24.24
SH96-957 Qtz veins Spheroidal P-trail I 8 L:V=70:30 0.30 L 263.8 -4.7 -1.8 0.52 2.96 0.01 401 288 0.801 23.01
SH96-957 Q-vein Spheroidal P-trail I 8 L:V=70:30 0.30 L 359.5 -24.5 -10.4 2.87 14.36 0.05 506 574 0.797 25.13
SH96-957 Q-vein Irregular P I 8 L:V=75:25 0.25 L 295.0 -26.7 -9.6 2.67 13.52 0.05 498 553 0.875 22.9
SH45-951 Q-vein Spheroidal S-trail I 12 L:V=60:40 0.40 L 262.4 -26.6 -12.4 3.34 16.33 0.06 525 626 0.933 21.9
SH45-951 Q-vein Spheroidal S-trail I 15 L:V=70:30 0.30 L 276.6 -28.3 -14.3
SH45-951 Q-vein Spheroidal S-trail I 30 L:V=75:25 0.25 L 230.4 -27.0 -12.7 3.41 16.61 0.06 528 634 0.964 21.21
SH45-951 Q-vein Spheroidal P-trail I 30 L:V=60:40 0.40 L 358.2 -24.5 -10.4 2.87 14.36 0.05 506 574 0.799 25.07
SH45-951 Q-vein Spheroidal P-trail I 15 L:V=55:45 0.45 L 343.2 -22.3 -9.7 2.7 13.62 0.05 499 555 0.812 24.67
SH45-951 Q-vein Spheroidal P-trail I 15 L:V=65:35 0.35 L 347.3 -30.1 -12.5 3.36 16.43 0.06 526 629 0.84 24.32
SH45-951 Q-vein Irregular S-trail I 15 L:V=70:30 0.30 L 132.7 -23.5 -9.7 2.7 13.62 0.05 499 555 1.017 19.7
SH125-1035 Q-vein Spheroidal P-trail I 8 L:V=80:20 0.20 L 189.8 -23.2 -8.7 2.45 12.52 0.04 489 528 0.969 20.25
SH125-1035 Q-vein Spheroidal P-trail I 10 L:V=85:15 0.15 L 274.8 -29.1 -14.7 3.85 18.37 0.06 548 685 0.936 21.83
SH96-957 Q-vein Spheroidal S-trail II 8 V:L=75:25 0.75 L 297.0 -20.2 -9.4 2.62 13.3 0.05 496 547 0.87 23.02
SH96-957 Q-vein Tubular S-trail II 12 V:L=75:25 0.75 L 253.0 -21.2 -1.0 0.29 1.65 0.01 389 256 0.803 22.93
SH96-957 Q-vein Spheroidal P-trail II 10 V:L=75:25 0.75 L 229.4 -28.3 -15.3 3.98 18.86 0.07 554 701 0.979 21.29
SH96-957 Q-vein Spheroidal P-trail II 8 V:L=75:25 0.75 L 227.5 -30.3 -16.5 4.23 19.82 0.07 567 732 0.987 21.13
SH96-957 Q-vein Spheroidal P III 7 L:V:O=50:30:20 0.20 L 322.0 -25.0 -11.4 3.11 15.37 0.05 515 600 0.861 23.26
SH96-957 Q-vein Tubular P-trail III 8 L:V:S=70:10:30 0.10 L 251.0 -25.2 -17.8 4.49 20.8 0.07 81 767 0.972 21.44
Notes: P-PS = 
5
primary-pseudosecondary origin; VolFrac Vap = volume of vapour fraction; MolNaCl = molal of NaCl; X NaCl =mole fraction of NaCl; Th to L = homogenised to liquid
Crit.Temp. = Critical temperature; Crit.Press = critical pressure; Bulk Den = bulk density; Bulk MV = bulk molar volume of inclusions.
tion zone. 
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